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Abstract
Precipitation recycling is the contribution of local land evaporation to the precipita-
tion of a region. The significant local evaporative contribution to rainfall in many
continental regions highlights the potential importance of land-atmosphere feedback.
This thesis addresses three common assumptions in bulk precipitation recycling mod-
els: (1) the use of time-averaged data (2) the neglect of the atmospheric storage term
and (3) the well-mixed assumption.
Bulk precipitation recycling models have been criticized for their use of monthly
mean data in estimating moisture influx, which does not capture the diurnal and
synoptic variations important in hydrology. This work uses a method to compute
moisture influx using the atmospheric data at the finest time-scale available. Smaller
monthly recycling ratio estimates were found when using this new method.
Most previous recycling studies are monthly. The atmospheric storage term is
added to an earlier recycling model to study the submonthly time-scale. The south-
west Amazon region during the wet season is investigated. There the synoptic con-
ditions consist of alternating easterly and westerly regimes of three to fourteen day
duration. The resulting recycling ratio spatial patterns are shown to reflect the syn-
optic circulation patterns.
Two parameters are introduced to relax the the well-mixed assumption in the
Bras and Eltahir model. Information from a water vapor tracer study and atmo-
spheric reanalysis data are used to estimate parameter values. Applying this model
to the central United States region during the summer, using four years of data, finds
30 percent larger recycling ratios than those resulting from the original well-mixed
assumption. This formulation is generalized to another bulk recycling model. A
quantitative assessment of the quality of two atmospheric reanalysis datasets used as
input to recycling models is also provided.
Thesis Supervisor: Rafael L. Bras
Title: Edward A. Abdun-Nur Professor of Civil and Environmental Engineering
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Chapter 1
Introduction
1.1 Water cycle over land
Water cycles through the atmosphere very fast. Its residence time in the atmosphere
is about 10 days. Due to its phase changes, water is an important component of
the energy budget of both the atmosphere and the landsurface. Evaporation at the
landsurface requires energy, ultimately in the form of solar radiation, and precipitation
in the atmosphere releases latent heat via condensation. In addition, water vapor is a
radiatively active gas, absorbing in the infrared, providing the largest concentration of
greenhouse gas in the atmosphere. Water vapor plays a role in clouds, which reflect
solar radiation and absorb infrared radiation depending on height. Overall clouds
have large radiative effects. Thus, understanding and estimating water cycling is a
critical question in regional and global climate.
1.2 Precipitation recycling
1.2.1 Historical problem in hydrology
A longstanding problem in hydrology, studied by the Russian Voiekov in the 1880s
(Drozdov and Grigor'eva 1965), is determining the fraction of precipitation in a land
region derived from local evaporative sources. Precipitation is from one of two sources,
either from water vapor outside the region, from an advective source, or from water
vapor which has originated as evaporation from the landsurface somewhere within the
region. This process of precipitation derived from local evaporative sources is called
precipitation recycling (Eltahir and Bras 1996).
1.2.2 Precipitation recycling ratio
Precipitation recycling can be quantified by estimating the precipitation recycling
ratio, defined as the fraction of total precipitation derived from local evaporative
sources in a given region. The ratio is a fraction and therefore it takes on values
between zero and one. It is dependent on the size of the defined region (i.e. scale-
dependent) (Eltahir and Bras 1996). For example, to compare recycling ratios of
different regions Trenberth (1999) chooses a length scale L of 500 kilometers. As
the area of the region of interest is increased, the regional recycling ratio increases
in general. Conversely, as the area or length scale of the region is decreased, the
recycling ratio decreases to the limit of zero for a point.
1.2.3 Precipitation recycling and land-atmosphere interac-
tion
The precipitation recycling ratio is a quantitative indication of the potential impor-
tance of land-atmosphere interaction (Eltahir and Bras 1994). It is a diagnostic mea-
sure and is not predictive. Many land-atmosphere feedback mechanisms have been
proposed which are integral to the hydrological cycle. A landmark study is Charney
et al. (1977), which presented a biogeophysical feedback hypothesis where loss of
vegetation cover changes surface albedo, the reflectance of the surface, which induces
changes in precipitation. Land-atmosphere feedback mechanisms include thermody-
namic effects and boundary layer feedback (Findell and Eltahir 2003a,b). Evapora-
tion, which is the source of local moisture in the atmosphere involved in precipitation
recycling, is tightly coupled to soil moisture in the unsaturated zone at the landsur-
face. Soil moisture serves as the landsurface state and provides memory to the land-
atmosphere system. The soil moisture state is important in short-term prediction of
weather events such as floods (Yeh et al. 1984) and longer term seasonal predictabil-
ity (Fennessy and Shukla 1999, Koster and Suarez 2003, Koster et al. 2004). By
monitoring the precipitation recycling ratio over decades-long periods (Dirmeyer and
Brubaker 2006), changes in land-atmosphere interactions and the hydrological cycle
can be estimated.
1.2.4 Precipitation recycling and land use
Precipitation recycling and its link to land use has been a critical problem histori-
cally in hydrology. The afforestation of certain areas experiencing drought in Russia
was proposed in the early 20th century (Drozdov and Grigoreva 1965), and is closely
coupled with the problem of estimating the evaporative source of precipitation. Since
land use (e.g. agriculture, afforestation, deforestation) changes the landsurface char-
acteristics (albedo, vegetation, evaporative capacity such as rooting depth), there is a
fundamental link of land use and precipitation recycling. Savenije (1996), in a study
of the semi-arid Sahel area, links the recycling ratio to the runoff ratio, the fraction of
precipitation which runs off into rivers, streams and into groundwater aquifers. Thus
it is important for water resources and natural resources management to understand
precipitation recycling in a region.
1.2.5 Continental regions where recycling is important
Precipitation recycling in the Amazon Basin has drawn considerable attention (Molion
1975, Salati et al. 1979, Lettau et al. 1979, Gat and Matsui 1991, Eltahir and Bras
1994). The recycling ratio in the Amazon is estimated to be approximately 25 to 35
percent (Eltahir and Bras 1994) and is fairly constant over the year. Recycling in this
basin is linked to the large evapotranspiration from the tropical forests. One concern is
land use changes in the form of deforestation. Deforestation decreases the evaporation
capacity of the landsurface and changes other landsurface characteristics such as
albedo, the reflectance of the surface. These landsurface changes would potentially
result in changes in precipitation recycling, leading to decreased precipitation in this
basin, which provides a large latent heat source and is an important component of
the global climate system.
Interest in precipitation recycling goes beyond the Amazon Basin. It has been
found to be important in many varied continental systems around the world. Mid-
latitudes continental regions such as the Mississippi Basin (Brubaker et al. 1993,
Bosilovich and Schubert 2001), the Mackenzie Basin in Canada (Szeto 2002), and
Eurasian regions (Numaguti et al. 1999, Kurita et al. 2003,2004) have been shown to
have significant precipitation recycling, as indicated by the recycling ratio. Recycling
is also important in monsoonal climates including central Africa (Gong and Eltahir
1996) and India (Gupta and Deshpande 2003).
1.2.6 Trends and maxima/minima of recycling ratio
The precipitation recycling ratio is generally a maximum in the interior of the conti-
nent for a region defined as the entire continent. For example, the prevailing winds
for the Russian/Asian continent are westerly and therefore the maximum recycling
ratio occurs in the eastern part of the continent, in the downwind part of the region
(Kurita et al. 2004). Although for some regions such as the Amazon Basin, the
recycling ratio is fairly constant over the year, the recycling ratio displays an annual
cycle in continental midlatitudes. For midlatitudes, the largest recycling ratio occurs
in summer when evaporation is maximum, coinciding with the solar insolation annual
cycle. The smallest recycling ratio generally occurs in winter in midlatitudes, when
evaporation is low (Dirmeyer and Brubaker 2006).
Comparing recycling ratios of different studies and regions is sometimes problem-
atic since the recycling ratio depends on the size of the region (Eltahir and Bras
1996). However, the largest precipitation recycling ratios have generally been found
in semi-arid regions. Savenije (1996) estimates that the Sahel region has a 90 per-
cent recycling ratio, although the particular parameter values used in the study are
acknowledged to be very uncertain. A recent study identified recycling as the major
source of moisture over this region, which used a Lagrangian tracking method and
five years of data (Nieto et al. 2006). Anderson et al. (2004) estimates recycling ac-
counts for approximately 70 to 90 percent of precipitation in the summertime in the
southwestern United States, a semi-arid region. Large recycling ratios in semi-arid
regions imply that recycling may be important in understanding the persistence of
droughts (Entekhabi et al. 1992).
1.3 Methods to estimate precipitation recycling
There is no direct method of estimating the precipitation recycling ratio for a land
region. All indirect recycling methods suffer from limitations and assumptions (Tren-
berth et al. 2003).
One method of determining the source of water vapor which falls as precipita-
tion is isotopic analysis. In the Amazon Basin, isotopic studies include Salati et al.
(1979) and Gat and Matsui (1991). The lack of ongoing isotopic measurements in
many regions is a drawback to this method. Isotopic measurements are collected in
intensive field campaigns such as GAME (GEWEX Asian Monsoon Experiment) and
the IAEA (International Atomic Energy Agency) provides an archive of monthly iso-
topic precipitation measurements. However, there is a need for more isotopic data.
Recent isotopic studies such as Kurita et al. (2003, 2004), Wright et al. (2001)
and associated circulation model studies (Yoshimura et al. 2003) provide quantita-
tive information on sources but usually with large modeling uncertainties, such as
fractionation parameters.
Water vapor tracer methods (Koster 1988, Numaguti 1999, Bosilovich and Chern
2006), where tracers are built into a global general circulation model (GCM), can also
provide recycling estimates. A limitation of this method is that it is entirely dependent
on the model (no atmospheric data is used) and its physics parameterizations. There
is considerable uncertainty in convective parameterizations (Trenberth et al. 2003).
Methods from the air pollution and atmospheric chemistry community have been
used to study the recycling of water, where the original objective is to track the
source of air pollution. Two Lagrangian-type methods have been introduced. The
back-trajectory method (Dirmeyer and Brubaker 1999, Dirmeyer and Brubaker 2006)
considers water vapor as a passive tracer along quasi-isentropic surfaces, (i.e. constant
potential temperature) which are derived from atmospheric reanalysis data. Kurita et
al. (2004) note that an adiabatic assumption may not valid in the summer over land.
Moreover, the atmospheric level at which precipitation originates must be assumed
and is drawn from a probability distribution, as this level is not known from the
atmospheric reanalysis data. Stohl and James (2004, 2005) use a Lagrangian particle
dispersion method to study sources of water. This method relies on parameterizations
of turbulence and convection which have large uncertainties.
1.3.1 Bulk precipitation recycling models
Bulk precipitation recycling methods are based on atmospheric water balance and
commonly use atmospheric reanalysis data as input. These models are derived from
the atmospheric water balance of both local and advected moisture and some form of
the well-mixed assumption, which provides a way of relating the source of precipita-
tion to the source of water vapor flux or content in the atmosphere. There are some
distinct advantages of bulk models over other recycling ratio estimation methods.
One advantage of bulk models is their computational simplicity compared to other
methods, especially compared to water vapor tracer methods.
Since this thesis involves a critical analysis of bulk precipitation recycling models,
a review of these models is presented, focusing on the key assumptions. The 1D
models are presented first, as these models are the foundation of the current 2D
models.
1D models
The most general 1D model is Drozdov and Grigoreva (1965), see Figure 1-1. The
model is complicated as it is in the form of an integral. Five special cases are discussed
in Drozdov and Grigoreva. These cases are:
1. P and E independent of x
Figure 1-1: Relationship between 1D bulk precipitation recycling models. The general
1D model is presented in Drozdov and Grigoreva (1965), which is in the form of an
integral. A particular case is used in Brubaker et al. (1993), Equation 1.4, which
assumes constant E and P. The Budyko model is a special case of this model with
constant Pa and Pm.
2. P and E vary linearly with x
3. E=P
4. Constant hydrologic intensity I = - 1 >0 > 0.5
5. Intensity I decreases in interior of region
The hydrologic intensity is a function of precipitation P, the advective moisture flux
into the region, F+, and parameter /. The 3 parameter is assumed to be between 0.5
and 1. Case 1 is used in Brubaker et al. (1993), as in Equation 1.4. Budyko's model
(1953) is a subset of Case 1.
Budyko model
The Budyko model (1953) published in Budyko (1974), forms the basis of many cur-
rent precipitation recycling models. The model is one-dimensional, along a direction
coincident with a streamline of constant velocity u for a land region of length 1. Pre-
cipitation consists of advective origin and local evaporative origin, P = Pa + P,. In
_ · ·1· · ·~
--_j -__ %_ -- _ ___ ----_ --,
addition, the quantities Pa, Pm and evaporation E are assumed constant and equal
to their average values.
The average horizontal moisture flux of advective origin along the length 1 region
is
1PaQa = wu- (1.1)2
where air enters the region with moisture content w, the precipitable water, and air
velocity u. The average local horizontal moisture flux is
Qm = 1/2(E - Pm) (1.2)
In order to relate precipitation of local and advective origin to the corresponding
horizontal fluxes, Budkyo made the argument that the atmosphere is well-mixed due
to turbulence, and therefore the ratio of the local to advective horizontal fluxes is equal
to the corresponding ratio of precipitation of local to advective, Qa/Q, = Pa/Pm.
The precipitation recycling ratio for the region is then
Pm 1
- 1 (1.3)
p 1+ Ew
Drozdov and Grigor'eva model
The 1D model of Drozdov and Grigor'eva (1963) relaxes several assumptions in the
original Budyko model. In the Budyko model, constant Pm and Pa are imposed.
This model can also be derived from the one-dimensional conservation of water vapor
equations (Burde and Zangvil 2001a), neglecting the atmospheric storage terms. As
mentioned previously, the expression for the general version of this model is com-
plicated and is in the form of an integral (Drozdov and Grigoreva 1965, Burde and
Zangvil 2001). Thus, Drozdov and Grigoreva (1965) present several special cases of
the general model.
One special case, presented in Drozdov and Grigoreva (1965), and used in Brubaker
et al. (1993) is Equation 1.4. The regional recycling ratio is the mean value of the
spatially varying Pm/P ratio. This case assumes evaporation E and precipitation P
are independent of x, in that their average values are used, but fluxes Pa and Pm are
allowed to vary with x.
= 1- A* + A*( )1/1 (1.4)P A* + T - I
Note that overbar denotes a spatial average and two dimensionless variables are de-
fined, the ratio of moisture influx to total regional precipitation is A*
WU
A* = (1.5)
Pl
and the ratio of average evaporation to average precipitation is T.
T = E (1.6)
P
For comparison, the recycling ratio expression for the Budyko model with the
same dimensionless variables is
1= (1.7)
1 + 2A*/T
Brubaker et al. (1993) compare the results from the Budyko model to the Drozdov
and Grigoreva's model, Equation 1.4, in the (A*,T) parameter space. The Budyko
tends to underestimate the results as compared to the Drozdov and Grigoreva model.
Underestimation of the regional recycling ratio was found to be small, generally less
than ten percent.
2D models
The relationship between 2D bulk recycling models is not as straightforward as the
1D recycling models. There are more variations in assumptions and conditions in the
2D case. The Brubaker et al. (1993) model is directly related to the 1D models as it
is a 2D extension of the Budyko model. The Brubaker et al. model assumes constant
Pa and Pm in the region in addition to constant P and E. It is well known that the
Brubaker et al. (1993) model underestimates the regional recycling ratio (Burde and
Zangvil 2001a, Bosilovich and Schubert 2002). The underestimation is due to the
(linear) parallel flow assumption associated with the Brubaker model.
Burde et al. (1996) provide an analytical correction factor to the Brubaker et
al. model. A general 2D model is presented in Burde and Zangvil (2001b) which
allows Pa and Pm to vary spatially. Eltahir and Bras (1994) offer an approach where
the atmospheric water balance equations are considered in integral form rather than
differential form. Details of the Brubaker et al. (1993), Eltahir and Bras (1994) and
Burde and Zangvil (2001b) models are presented in this section.
Brubaker et al. 1993
Brubaker et al. (1993) extended the 1D Budyko model to two dimensions. The 2D
region is usually rectangular and the moisture influx is along part of the boundary of
the region. A new variable, moisture influx F+ , is defined
F + = -  Q.ndy (1.8)
"in
where n is the outward unit normal vector, Q is the vertically integrated water vapor
flux vector, and the boundary of the region consisting of a segment or set of segments
across which the atmospheric moisture flux is inward is denoted Yi,.
The average advective flux is taken as the arithmetic mean of the incoming and
outgoing flux
F + - (F + - PaA) =F+ PA (1.9)
2 2
where A is the area of the given region. The local average flux is taken as
0 + (E- Pm)A (E- Pm)A2m (1.10)2 2
The well-mixed assumption is invoked in the form Qa/Qm = Pa/Pm as before in the
Budyko model. The regional recycling ratio is then
1
1+ (1.11)
EA
Eltahir and Bras
The Eltahir and Bras (1994) precipitation recycling model considers the spatial varia-
tion of evaporation, precipitation and other relevant quantities within a region. There
are no assumptions invoked about constant E or P fluxes within the region, as in the
Brubaker et al. (1993) model. The region is divided into a 2D spatial grid. The
integral form of the local and advective atmospheric water balance for each grid is
applied. The atmospheric storage terms are neglected over the course of a month
(Eltahir and Bras 1996).
The well-mixed assumption is invoked in the form of a moisture outflux ratio. The
ratio of local to total moisture outflux in a grid is equated to the ratio of local to
total precipitation in the given grid box, Equation 1.12.
m P(1.12)
O P
The recycling ratio r for each grid box is
Ii + Ei
r = (1.13)
A + Ej + Io
where E is evaporation, Ii is moisture influx from local evaporative sources within
the region, and Io is moisture influx from outside the region. An iterative procedure
is required to solve Equation 2.10, since the local influx Ii is not directly known. The
total influx in each grid, I + Io is known. The solution is not dependent on the
initial guess. Finally, the regional recycling ratio is obtained by weighting each grid
recycling ratio by its fraction of total precipitation in the region.
To study daily events, Kurita et al. (2003) included the atmospheric storage term
into the one grid version of this model.
Burde and Zangvil model
Burde and Zangvil (2001b) present a 2D recycling model which allows for spatial
variation of E and P, as well as Pa and Pm. The atmospheric water balance equation is
used in its differential form. Therefore, the model results in a set of partial differential
equations (PDEs) with r the recycling ratio.
appears in the recycling equation.
OrQx
Ox
aQx
8z ;
Note that precipitation P explicitly
(1.14)
(1.15)D Y E POy
Burde and Zangvil emphasize that the local form of the well-mixed assumption
wm Pm
w P (1.16)
is invoked instead of using spatial averages. Additional analysis of the Burde and
Zangvil model is presented in Section 4.3.
1.4 Problem and scope
There are three common assumptions in bulk recycling models (Burde and Zangvil
2001a)
1. time-averaged data is used to estimate moisture fluxes
2. the change in atmospheric storage term is neglected
3. the well-mixed assumption is invoked
This thesis investigates these three issues in a comprehensive approach. The overall
objective of the work is to improve this class of models.
OrQy
+ = E - rP
Oy
1.4.1 Time-averaged data
The first common assumption, the use of time-averaged data, is not a model assump-
tion but rather involves the application of the model. The use of time-mean data
has an important potential effect on the recycling results. Brubaker et al. (1993)
states that using time-averaged data, as in their study, would tend to overestimate
the recycling ratio. The use of monthly time-averaged data with these models has
also been criticized since this framework does not capture the submonthly time scales
such as diurnal and synoptic scales relevant to hydrology (Bosilovich and Schubert,
Dirmeyer and Brubaker 2006). Although both mean and transient eddy components
are represented in the monthly time-averaged moisture flux field (data) as recognized
by Bosilovich and Schubert (2001) and others, other component terms are neglected.
However, the use of monthly time-averaged data is not inherent to these recycling
models. Brubaker et al. (1993) note that while spatial averaging is an inherent
assumption in their model, the use of time-averaged data is not.
The use of time-averaging data on the recycling results will be studied by compar-
ing two ways of estimating moisture flux on a monthly scale. Moreover, two different
2D recycling models will be tested. The first method is called the time-averaged
method in this thesis, and has been widely used in bulk recycling studies. In this
method the time-averaged vertically integrated moisture flux field is used to com-
pute the moisture influx, a required input to the recycling model. For the second
method, called the accumulation method in this thesis, the moisture flux field data
is used at the time-scale of the data, usually 6 hourly for reanalysis data, to compute
moisture fluxes. The only bulk recycling studies which use the accumulation method
are Eltahir and Bras (1994) and Gong and Eltahir (1996). All other bulk recycling
studies use the time-averaged method.
1.4.2 Synoptic time-scale precipitation recycling
The synoptic-time scale is of essential interest in precipitation recycling since the
synoptic circulation pattern sets the wind direction. Most recycling studes using
bulk recycling models investigate the monthly scale although the submonthly synoptic
time-scale is important in water vapor transport (Schubert et al. 1998). Neglecting
the storage term on a monthly basis in bulk recycling models, common assumption
(2) above, is justified by the fact that this term is much smaller than the other
moisture fluxes in the atmospheric water balance at the monthly time-scale (Eltahir
and Bras 1996). However, in order to study the submonthly synoptic time-scale, the
atmospheric storage terms are added to the 2D Eltahir and Bras (1996) recycling
model. Recycling analysis for a region in southwest Amazon is investigated at the
submonthly time scale in the wet season (January-February), where the synoptic
regimes alternate between westerlies and easterlies. The synoptic circulation patterns
are hypothesized to be reflected in the recycling ratio spatial patterns.
1.4.3 Well-mixed assumption
The well-mixed assumption states since the atmosphere is well-mixed, precipitation
is drawn from the advective and local sources in a ratio given by the amount of water
vapor of those sources in the atmosphere. This assumption was made in the first bulk
recycling model, the Budyko model (1953, published 1974), and Budyko argued that
due to turbulence, the atmosphere is well-mixed. Koster (1988) commented that the
well-mixed assumption may not be a good assumption since it implies that evapo-
ration which occurs close to the ground is immediately well-mixed into the column.
A recent water vapor tracer study using a global general circulation model explicitly
computes the ratios which are involved in some of the well-mixed assumptions invoked
in bulk recycling models (Bosilovich 2002). The results show that there is a local bias
in the precipitation as compared to its total water vapor content in US regions in
the summer. Although the well-mixed assumption may be valid in the tropics where
convection is rigorous and active (Brubaker et al. 1993), there is a need to provide a
framework to relax this assumption in these models.
In this thesis, the well-mixed assumption in several bulk recycling models is an-
alyzed and a general strategy to relax this assumption is developed. The approach
taken in this thesis is to first analyze the well-mixed assumption in the recycling
model. Specifically, the Eltahir and Bras model is investigated, where the well-mixed
assumption is invoked in the form of a moisture outflux ratio for each grid box. From
this analysis, two parameters are introduced to relax the well-mixed assumption. This
framework is applied to the central United States in summer, where the data from the
water vapor tracer study of Bosilovich (2002) is used to infer the value of one of the
parameters. A combination of information from the Bosilovich study and atmospheric
reanalysis data is used to estimate the second parameter.
Since bulk recycling models are computationally simple, if the same information
is derived with these models versus the tracer methods, there are significant compu-
tational advantages (Bosilovich and Chern 2006). Moreover, bulk recycling methods
use atmospheric reanalysis data instead of model-based water vapor tracer methods.
In addition, the definition of regions is more flexible than in water vapor tracer meth-
ods. The results of bulk recycling models are also used along with water vapor tracer
studies, so improvement in these class of models would yield significant benefits in
the understanding and estimation of precipitation recycling.
1.4.4 Thesis outline
The thesis outline is as follows. Chapter 2 presents the effect on the recycling ratio of
two different methods to estimate moisture flux, the time-averaged method and the
accumulation method. Chapter 3 introduces the concept of synoptic time-scale recy-
cling. The atmospheric storage terms are included in the Eltahir and Bras recycling
model, and a rederivation of the model is done in order to investigate submonthly
time scales. The southwest Amazon region is investigated in the wet season where
there exists two synoptic regimes, easterlies and westerlies. Chapter 4 investigates the
well-mixed assumption and develops a framework to relax this assumption. Chapter 5
deals with uncertainty in reanalysis data. Two reanalysis datasets are quantitatively
compared, using the variables of interest, the humidity and wind fields. Chapter 6
provides a summary of findings and discusses future work.
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Chapter 2
The effect of moisture flux
characterization on recycling
2.1 Introduction
Bulk precipitation recycling models have been criticized for their use of monthly time-
averaged data in estimating moisture fluxes, as this data does not capture the diurnal
or synoptic variations important in hydrology. The moisture flux in a region is one of
the two main inputs to bulk recycling models. The use of time-averaged data in esti-
mating moisture fluxes is considered a common assumption for these models (Burde
and Zangvil 2001a). However, the use of time-averaged data is not a requirement in
these recycling models as noted by Brubaker et al. (1993). In this chapter, two meth-
ods of estimating moisture flux are investigated and their effect on recycling results
for several regions are presented. The first method relies on time-mean data, called
the time-averaged method, and the second method uses the atmospheric data at the
finest available time-scale, usually six hourly, and will be called the accumulation
method.
Previous recycling studies using the Brubaker et al. model (1993) have used the
the time-averaged method. Recycling studies involving the Eltahir and Bras (1994)
model have used both moisture flux computation methods. Bosilovich and Schubert
(2001) use the time-averaged method whereas Eltahir and Bras (1994) and Gong
and Eltahir (1996) use the accumulation method. The accumulation method yields
greater moisture flux than the time-averaged method, which would tend to decrease
the recycling ratio, with the other inputs held constant.
In this chapter the two moisture flux estimation methods, the time-averaged
method and accumulation method, are described and analyzed in some detail in
Section 2.2. The effect of the two different moisture flux methods on the recycling
results is investigated using four years of atmospheric reanalysis data, 1998-2001, Sec-
tion 2.5. Recycling ratio results are presented for three regions: west Africa, Amazon,
and central United States. We study the effect of the moisture flux method on re-
cycling results for both the Brubaker et al. (1993) and the Eltahir and Bras (1994)
recycling models.
A secondary objective in this chapter is to investigate differences in two global
reanalysis datasets, NCEP R-1 (Kalnay et al. 1996) and NCEP R-2 (Kanamitsu et
al. 2002). The R-1 and R-2 datasets are found to have large differences in computed
moisture convergence in the tropics (Roads 2003). Gong and Eltahir (1996) note
potential error in precipitation recycling estimates due to the sparsity of observations
over the west Africa region of their study. We expect the uncertainty to be larger
in regions with sparse radiosonde observations. Therefore, we present the radiosonde
locations obtained from a metadatset associated with the R-1 dataset. We discuss
differences in R-1 and R-2 datasets relevant to precipitation recycling such as evapora-
tion and moisture fluxes. The three regions investigated have a variety of observation
densities (west Africa, central United States, and the Amazon.)
2.2 Two moisture flux estimation methods
Bulk recycling models require moisture influx as an input. For this discussion, sup-
pose that monthly moisture influx for a region is to be computed from atmospheric
reanalysis data for the Brubaker et al. (1993) spatially lumped recycling model,
where there is one large rectangular region. Assume that atmospheric reanalysis data
is available at four times daily (6 hourly) over a 31 day month, so that there are
N=124 data samples.
2.2.1 Time-averaged method
The vertically integrated moisture flux vector Q = (Qx, Q,)[kg m-'s - 1, kg m-Is - 1]
is first computed from the 6 hourly atmospheric data, assumed to be instantaneous
estimates of the wind fields and specific humidity (u,v and q). The zonal component
Qx is defined
1 Pt
Qx = uq dp (2.1)
where p, is surface pressure, and pt is approximately the 300mb pressure level, and
p is the pressure coordinate. The meridional component Q, is defined similarly but
with meridional wind v instead of zonal wind u.
The time-averaged Q vector is obtained by averaging the N=124 samples of mois-
ture flux vector Q. The moisture flux into the region F + in Equation 2.2 is defined
as an integral along the boundary segment(s) y,>o where y,>o is the segment or set
of segments across which the atmospheric moisture flux is positive inward, and fi is
the outward unit normal vector. In this method, the time-averaged Q moisture flux
vector is used in the integral.
F+ = - - fi ds (2.2)
Note that boundary segment contributions to moisture influx F + are always positive
by definition of boundary segment set -y>o so that F + > 0.
2.2.2 Accumulation method
In the accumulation method of computing moisture flux for a region, N moisture
influx integrals are computed for the month and then time-averaged, where N is the
number of time samples of data in a month. The monthly moisture flux for a region
Figure 2-1: Simple box region example. Southwesterly flow occurs half the time.
Moisture flux vector Q=(100,100).
Figure 2-2: Simple box region example. Northwesterly flow occurs half the time.
Moisture flux vector Q=(100,-100).
F + is computed as in Equation 2.3,
F = N i (2.3)
where N=124 for a 31 day month, using 6 hourly reanalysis data. The integrals Ii
are defined as beginequation Ii = - f->o Qi" fi ds(2.3)where Qi is the instantaneous
moisture flux vector Q at time i, 'yi>o is the segment or set of segments across which
the atmospheric moisture flux is positive inward at time i, and ii is the outward unit
normal vector.
2.2.3 A simple example
Suppose the region of interest is a box. Assume there is a southwest wind for half
the time and the moisture flux vector is Q=(100,100) [kg m-18s-1, kgm-1s - 1] and is
Figure 2-3: Time-averaged method, I. Moisture influx along west boundary (bold
line), 7.
Figure 2-4: Accumulation method, II. Moisture influx along south and west bound-
aries (bold lines), yi. is moisture influx.
Figure 2-5: Accumulation method, 12. Moisture influx along north and west bound-
aries (bold lines), Y72
constant in space in the region, Fig. 2-1. Then assume there is a northwest wind the
other half of the time and Q=(100,-100), which is also constant in space in the region,
Fig. 2-2. The boundary segments are assumed to have equal length, so ds is 100 km.
For the time-averaged method, the time-averaged moisture flux vector is the av-
erage of the two moisture flux vectors Q=(100,100) and Q=(100,-100) and therefore
Q = (100, 0). Using the time-averaged Q, there is only one segment where moisture
influx occurs, the western segment, and F+ is (100 kg m-18- 1 )(100 km) = 107 kg
s-1, Fig 2-3.
For the accumulation method, there are two different sets of segments where there
is moisture influx, 71 and 72, corresponding to southwesterly and northwesterly flow
respectively. For the southwest flow, the west and south boundaries have moisture
influx and I1 = 100ds + 100ds =2x107 kg s1, Fig. 2-4. For northwesterly flow, the
west and north boundaries have moisture influx and I2 = 100ds + 100ds =2x107 kg
s1, Fig. 2-5. Therefore, the moisture influx into the region F+ will be the average of
11 and 12, or 2x107 kg s- 1.
In this simple example, the time-averaged method yields half as much moisture
influx as the accumulation method, 107 kg s-11 versus 2x107 kg s-1.
2.2.4 Analysis
The regional moisture influx F+ computed using the accumulation method will always
result in a value of moisture flux greater than or equal to the time-averaged method.
Differences in the sets of boundary segments of positive and negative moisture influx
will result in different values of F + calculated by the two methods. If the set of
boundary segments of positive moisture flux were the same over the entire month
(N=124 samples), the boundary segment set would be same as the time-averaged
case, and F + would be equal for both methods. Since synoptic circulation conditions
change over the course of the month in most land regions, we expect that that the set
of boundary segments where influx occurs changes over the month for most regions of
interest. The set of segments would depend on the size of the region and its orientation
with respect to the associated synoptic circulation patterns. Therefore, we expect to
obtain different values of monthly moisture influx F+ using real atmospheric data for
the two methods.
The moisture influx F + into the region is a different quantity than the moisture
convergence in a region. The moisture convergence in a region, -V - Q, can be
computed either by taking the spatial divergence, or by boundary integration using
Gauss's Theorem. In the latter method, the moisture convergence F in the region
can be defined as F = F + - F-, moisture influx minus moisture outflux along the
boundary of the region. The moisture outflux F- is the counterpart to the influx
F+. The boundary integral consists of the segment or segments of the boundary
which moisture outflux occurs. The monthly regional moisture outflux F- can be
computed using the two different methods in this chapter. However, for the moisture
convergence F = F+ - F-, the time-averaged method and accumulated method yield
the same answer.
Analyzing the monthly time-averaged Q provides another perspective on the differ-
ences in computation methods. The monthly time-average Q includes both monthly
mean and transient eddy components (Trenberth 1999, Bosilovich and Schubert 2001).
The zonal wind can be decomposed into its monthly mean, U, and deviation from
mean, u', or u = U + u'. The other variables can be decomposed in a similar manner.
The time-averaged zonal vertically integrated moisture flux is
SlPt Ppt
ax = - qq dp + u'q' dp (2.4)g fps fps
where the first term on the right hand side of the equation is the monthly mean com-
ponent and the second term on the right hand side is the transient eddy component.
The terms Q1 and Q2 (Equation 2.5 and 2.6) appear in the accumulation method
but are not represented after monthly time-averaging in the time-averaged method.
The accumulation method uses the instantaneous moisture flux vector data at 6
hourly intervals. Thus the decomposition of uq before the time averaging is done is
uq = (U+u')(q+q') = uqq+u'q'+u'q+Uq'. In time-averaging, the terms corresponding
to u'4 and Uq' vanish.
Q1 = t u' dp (2.5)
g ps
Q2 =- jp q' dp (2.6)g 's
The Qi term may be more important than Q2 since the changes in wind circulation
(u') are probably greater than the changes in specific humidity over the course of a
month (q'). However, since both terms could determine positivity when related to a
boundary flux, both may be important even though they are small. The positivity or
negativity of the flux is a nonlinearity (i.e. a switch). Since the monthly mean data
neglect the Qi and Q2 terms at each 6 hourly interval, we expect different moisture
influx values of F + in the two methods. As moisture influx is by definition positive,
this implies that the accumulation method will yield greater or equal moisture influx
than the time-averaged method.
We have presented the case of the Brubaker et al. (1993) recycling model, where
a region is considered one large grid box and the regional moisture influx . The same
issues arise in spatial 2D recycling models, as in the Eltahir and Bras (1996) model,
where moisture influx I is needed for each grid box in the region of interest.
Since the accumulation method yields larger moisture influx than time-averaged
method, there will be a decrease in recycling ratio, all else being equal (i.e. same
evaporation). The effect on the results will be dependent on the particular synoptic
circulation patterns which make up the month in given region. To determine the
effect of the moisture flux computation method, we investigate three regions (West
Africa, North America, and Amazon) using four years of atmospheric data 1998-2001.
2.3 Data
2.3.1 Reanalysis data
Two global reanalysis datasets are used for moisture flux computation and evapora-
tion, the NCEP (National Center for Environmental Prediction) R-1 dataset (Kalnay
et al. 1996) and the NCEP R-2 dataset (Kanamitsu et al. 2002). The NCEP R-1
model was the global weather forecasting model operational in 1996 and has spectral
resolution T62, approximately 1.9 degrees, with 28 model sigma levels in the vertical.
The NCEP R-2 reanalysis fixes some errors in the R-1 dataset and its model has
several different physics parameterizations compared to R-1 (e.g new boundary layer
scheme, Betts et al. (1996), Hong and Pan (1996)).
2.3.2 Data computation
The original model sigma-level NCEP R-1 and R-2 reanalysis data on a Gaussian
grid (T62), approximately 1.9 degree resolution, is used. This data has advantages
over pressure-level data (2.5 degree spatial resolution) which has been interpolated
to 17 pressure levels from the original model since model has 28 vertical levels in the
model include approximately five layers in the boundary layer (Kalnay et al. 1996, see
Table 2.7). The use of pressure-level data versus original model-sigma data makes a
significant difference in moisture flux calculations (Wang and Paegle 1996, Trenberth
et al. 2002).
The vertically integrated moisture flux Q = (Q,, Q,) vector is defined as
Q = P qVd (2.7)
where Ps (Pa) is surface pressure, g (m s - 2) is acceleration of gravity, q (kg/kg) is
specific humidity, and V is the (u,v) wind field vector where u (m/s) is the zonal wind
and v (m/s) is the meridional wind. The vertical model coordinate 0o(z) = P(z)/ps
(dimensionless) is defined as a terrain-following coordinate, where a = 1 at the surface
and a = 0 represents the top of the atmosphere.
The vertically integrated moisture flux variables Qx and Q, are computed every six
hours on the Gaussian grid points within the region in the relevant month, using the
four times daily (00UTC, 0600UTC, 1200UTC, 1800UTC) instantaneous reanalysis
values of u,v,q, and Ps fields on the model sigma levels. The integral in equation 2.7
is computed by multiplying uq (or vq) at each model sigma level by the corresponding
sigma thickness. Sigma thicknesses are given in Table 1 of (Kalnay et al. 1996), see
Table 2.7 at the end of this chapter. The integral sum is taken from the surface
to a = 0.168, corresponding to approximately pressure-level 150 mb (Kalnay et al.
1996). Above the 150 mb level in the atmosphere, there is a negligible amount of
water vapor contributing to moisture flux. An alternative method of computing
the integral in equation 2.7 was also tested where trapezoidal rule integration with
o = .995 (first model sigma level, which is about 5hPa above the surface) is taken
as one end point of the integral. This method did not yield significant differences
from the first integration scheme, with a maximum difference of approximately 1.5
percent.
2.3.3 Other data
Precipitation data from TRMM (Tropical Rainfall Measuring Mission) (Adler et al.
2000, Kumnmerow et al. 2000) is used in the recycling calculations as weights. The
TRMM 3B43 (version 5) monthly precipitation intensity (mm/hr) data has spatial
resolution of one degree and is a combination of satellite and rain gauge data.
2.4 Recycling models
Monthly estimates of recycling are computed using two recycling models, the spatially
lumped Brubaker et al. (1993) model and the Eltahir and Bras (1994) model.
Brubaker model The Brubaker et al. (1993) precipitation recycling model is a 2D
extension of Budyko's 1D method (Budyko 1974) using atmospheric water balance
and assuming parallel flow. This model is considered a lumped model, since spatial
averages of quantities such as precipitation and evaporation are assumed constant in
the region. The regional recycling ratio r is defined as
Pm 1 -m 1 (2.8)
= P 1 +•EA
where Pa is precipitation of advective origin, Pm is precipitation of local evaporative
origin, E is the mean spatial evaporation, A is the area of the region and F + is the
influx of atmospheric moisture over the boundary of the region. Moisture influx F +
is defined as
F + = - Q - ndry (2.9)
where n is the outward unit normal vector, Q is the vertically integrated water vapor
flux vector, and the boundary of the region consisting of a segment or set of segments
across which the atmospheric moisture flux is inward is denoted yi,.
Eltahir and Bras model The Eltahir and Bras (1994) precipitation recycling
model also is derived from atmospheric water balance, and is a spatial recycling
model. That is, it considers the spatial variation of evaporation, precipitation and
other relevant quantities within a region. The region is divided into grids, and for
each grid box the recycling ratio r is
Ii + Ei
r = I (2.10)h + Ei + Io
where E is evaporation, Ii is moisture influx from local evaporative sources within
the region, and Io is moisture influx from outside the region. An iterative procedure
is required to solve Equation 2.10, since Ii is not directly known. The total influx
in each grid, Ii + Io is known. The solution is not dependent on the initial guess.
Finally, the regional recycling ratio is obtained by weighting each grid recycling ratio
by its fraction of total precipitation in the region.
2.5 Results
Monthly precipitation recycling results for the four year period 1998-2001 for several
regions are presented in this section: West Africa, North America, and Amazon
regions. These regions span both high and low radiosonde density.
2.5.1 West Africa
The west Africa region specified by Gong and Eltahir (1996) is studied (approximately
5N:15N,10W:15E), see Figure 2-6. The corresponding Gaussian grid latitude points
are from 4.76 N to 14.29 N.
Gong and Eltahir (1996) estimated the recycling ratio for four months in the wet
season (June to September) for 1992-1994 using EMCWF data on 15 pressure-levels
at 2.5 degree horizontal resolution. The observation coverage is noted to be sparse in
this region for the EMCWF dataset, which Gong and Eltahir note may cause some
error in estimation of the recycling ratio. We provide information on radiosonde
coverage in this region in the next section.
Radiosonde coverage
Figure 2-6: West Africa region. Radiosonde stations used in NCEP/NCAR R-1
Reanalysis, o = twice daily observation, X = once daily sounding at 12. (J. Woollen,NCAR)
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Figure 2-7: West Africa region, Monthly (positive) moisture fluxes into region, 1998-
2001. Top: eastern, middle: southern, bottom: northern border.
The radiosonde location and frequency used in the data assimilation for the NCEP
R-1 reanalysis is shown in Figure 2-6. This information is extracted from a meta-
dataset available at NCAR DSS (Data Support Services), the Monthly Mean Rawind-
sondes (1948-dec1999) dataset (ds435.0), consisting of monthly mean rawinsonde data
and metadata from the daily soundings input to the NCEP/NCAR global reanalysis
(J. Woollen). There is a mix of twice daily and once daily radiosonde observations,
with four stations inside the region and two in close proximity. The region to the
east which is an important source of moisture (Gong and Eltahir 1996), has only one
radiosonde due east, at approximately 40E, with one sounding per day. In addition,
the other significant direction is southerly ocean moisture flux which is expected to
have uncertainty because of lack of radiosonde observations. Although R-2 does not
provide metadata, the assimilated observations for NCEP R-1 and R-2 are similar
(Kanamitsu et al. 2002).
Moisture flux
Moisture influx is an important input to the recycling models, thus an examination of
the fluxes across the boundaries of this region is presented. For calculations shown in
Figures 2-7 and 2-8 moisture fluxes are computed using the accumulation method.
The positive (into the region) monthly moisture flux across the boundary from
easterly, southerly and northerly directions are shown in Figure 2-7, for R-1 and R-2
reanalysis data. The maximum difference in easterly flux is 40 mm/month for Nov.
2001 (R-1, 140.7 mm/month and R-2, 100.5 mm/month). The mean difference in
monthly easterly flux is 7 mm/month, with mean flux over the four year period of
R-1, 114.3 month versus R-2, 107.3 mm/month. For the wet season months June-
September, the mean absolute difference is 12.2 mm/month, with a maximum differ-
ence of 35.8 mm/month in Sept. 2001. For Sept. 2001, R-1 yields 177.22 mm/month
whereas R-2 yields 213.02 mm/month. The mean easterly flux over the four months
June-Sept. is close, with R-1 144.6 mm/month and R-2 147.5 mm/month. From
the easterly direction, the wet season in most cases has less than 10 percent differ-
ence in R-1 and R-2 flux. Yet there are some wet season months which can have
approximately 20 percent difference between R-1 and R-2 (e.g. Sept. 2001).
For southerly moisture flux, there is a large difference in the June-September
1999 period where the R-2 flux is much larger than the R-1 flux (Figure 2-7). For
Aug. (R-1: 137.7 mm/month, R-2: 209.5 mm/month) and Sept. 1999 (R-1: 112.0
mm/month, R-2: 177.8 mm/month) the differences are 71.8 mm/month and 65.8
mm/month respectively. For the entire four year period, there is a mean absolute
difference of monthly southerly moisture flux of 16.1 mm/month, with mean flux 84.3
mm/month for R-1 and 94.0 mm/month for R-2. This translates into approximately
20 percent difference overall, with maximum difference approximately 48 percent.
Given the lack of radiosonde observations, the ocean southerly direction is expected
to have larger uncertainty in estimation of moisture fluxes.
Northerly moisture influx into the region is substantially less than either the east-
erly or southerly direction, with mean over the time period of 48.1 mm/month for
R-1 and 56.0 mm/month for R-2. The mean absolute difference is 8.0 mm/month
over the four year period. The maximum difference is 25.6 mm/month in August
1999 (R-1: 57.0 mm/month, R-2: 82.6 mm/month).
The net (positive minus negative) moisture flux for 1998-2001 is shown in Figure 2-
8. These values can be compared to Figure 8 of Gong and Eltahir (1996), which is
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Figure 2-8: West Africa region, Monthly net moisture fluxes into region, 1998-
2001.Top: eastern, middle: southern, bottom: northern border.
from 1994-1996. The character of the net fluxes are in agreement.
Evaporation
Evaporation is the other key input to the recycling models. The monthly mean
evaporation is shown in Figure 2-9 for the R-1 and R-2 reanalyses. The annual
cycle of evaporation is stronger in R-1 and the maximum evaporation is about 20
percent larger in R-1 than R-2. One potential cause for the evaporation differences
is the treatment of soil moisture evolution in the two reanalyses. In the R-1, model
precipitation is used to force the two layer soil hydrology model (thickness 10 and
190 cm) and a nudging term is used to prevent soil wetness from drifting too far from
climatology. The R-2 approach is to replace the model precipitation with observed 5-
day mean precipitation, from a retrospective global precipitation analysis (Kanamitsu
et al. 2002).
Recycling ratios
The Eltahir and Bras recycling model results are shown in Figure 2-11, for the ac-
cumulation method and Figure 2-12, for the time-averaged method of moisture flux
computation. Both evaporation (latent heat flux) and computed moisture fluxes from
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Figure 2-9: West Africa, Monthly mean evaporation in region, 1998-2001. NCEP R-1
and NCEP R-2 reanalysis.
Table 2.1: West Africa, Eltahir and Bras recycling ratio, Jun-Sept 1998-2001
Reanalysis/method Recycling ratio
R-1 accumulated 0.13
R-2 accumulated 0.11
R-1 time-averaged 0.28
R-2 time-averaged 0.26
the respective reanalysis R-1 and R-2 datasets are used as model inputs.
Figure 2-10 shows monthly average region precipitation in this region using the
TRMM 3B43 products. Focusing on the wet season months of June-September, the
Eltahir and Bras mean recycling ratio for the four year period are shown in Table 2.1.
In general, the accumulated method yields a smaller recycling value than the time-
averaged method.
Table 2.2: West Africa, Brubaker et al. recycling ratio, Jun-Sept 1998-2001
Reanalysis/method Recycling ratio
R-1 accumulated 0.14
R-2 accumulated 0.10
R-1 time-averaged 0.20
R-2 time-averaged 0.16
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Figure 2-10: West Africa region, Monthly regional
source: TRMM 3B43 (v.5).
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Figure 2-11: West Africa region,
Eltahir and Bras (1994) recycling
R-1 and R-2 reanalysis data.
average precipitation, 1998-2001.
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Monthly recycling ratio estimate for 1998-2001.
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Figure 2-12: West Africa, Monthly recycling ratio estimate for 1998-2001. Eltahir
and Bras (1994) recycling model using monthly time-averaged vertically integrated
moisture flux vector Q. NCEP R-1 and R-2 reanalysis data.
The Brubaker model recycling results are shown in Figure 2-13, accumulated fluxes
method and Figure 2-14, the time-averaged moisture flux method. The recycling
ratio associated with the time-averaged method is larger. For the wet season months
of June-September, the mean recycling ratio for the four year period is shown in
Table 2.2.
2.5.2 North America
The region studied is the Central US (32.5N:42.5N,105W:85W) within the Gaussian
grid, similar to Brubaker et al. (1993) and Bosilovich and Schubert (2001). Ra-
diosonde coverage is dense in this North American region.
Moisture flux
Figure 2-15 shows (positive) moisture flux across the boundary from east, south, north
and west directions for the R-1 and R-2 datasets. The differences in moisture flux
computed by the two reanalyses over the course of a month is small. The radiosonde
coverage is dense in this region, which would make the wind field and specific humidity
data less uncertain. This would lead to less uncertain moisture flux (which is a
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Figure 2-13: West Africa, Brubaker et al. (1993) recycling model using monthly
accumulated moisture flux, 1998-2001.
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Figure 2-14: West Africa, Brubaker et al. (1993) recycling model using monthly
time-averaged vertically integrated moisture flux vector Q, 1998-2001.
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Figure 2-15: Central U.S. region. Monthly (positive) moisture fluxes into region,
1998-2001. R-1 and R-2 reanalysis data.
quadratic function of wind field (u,v) and specific humidity q).
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2-16: Central U.S. region, Monthly mean evaporation in region, 1998-2001.
R-1 and NCEP R-2 reanalysis data.
Monthly mean evaporation is similar in R-1 and R-2 over the region, Figure 2-
16. The R-2 evaporation is slightly less than R-1, especially in the summer of 2000.
'The evaporation differences would have been expected to be larger between R-1 and
Table 2.3: Central U.S., Eltahir and Bras recycling ratio, Jun-Aug. 1998-2001
Reanalysis/method Recycling ratio
R-1 accumulated 0.184
R-2 accumulated 0.186
R-1 time-averaged 0.229
R-2 time-averaged 0.237
Table 2.4: Central U.S., Brubaker et al.
Reanalysis/method
R-1 accumulated
R-2 accumulated
R-1 time-averaged I
R-2 time-averaged
recycling ratio, Jun-Aug. 1998-2001
Recycling ratio
0.107
0.107
0.161
0.165 I
R-2 in this region, given the differences in soil moisture shown in previous studies
(sec. 2.5.1).
Recycling ratios
The Eltahir and Bras recycling model results are shown in Figures 2-17, for accumu-
lated moisture flux and 2-18, for time-averaged moisture flux Q vector data. Both
evaporation (latent heat flux) and computed moisture fluxes from the respective re-
analysis R-1 and R-2 datasets are used as model inputs. The recycling ratio peaks in
summer, which is consistent with previous studies for this region. The recycling ratio
for summer months over the four year period 1998-2001 is shown in Table 2.3, with
the accumulated method recycling ratio about 0.18 and the time-averaged recycling
ratio about 0.23. There is not much difference in the recycling ratios of R-1 and R-2
data when using the same method of moisture flux computation.
The Brubaker model recycling results are shown in Figure 2-19, accumulated fluxes
method and Figure 2-20, the time-averaged moisture flux method. The recycling ratio
associated with the time-averaged method is larger. For the summer months June-
Aug., the mean recycling ratio for the four year period is shown in Table 2.4.
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Figure 2-17: Central U.S., Monthly recycling ratio, 1998-2001. Eltahir and Bras
precipitation recycling model, Accumulated moisture fluxes method. NCEP R-1 and
R-2 reanalysis data.
0 4 8 12 4 8 12
Month
4 8 12 4 8 12
Figure 2-18: Central U.S.,
(1994) spatial precipitation
and R-2 reanalysis data.
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Figure 2-19: Central U.S.,
cipitation recycling model,
reanalysis data.
Monthly recycling ratio, 1998-2001. Brubaker et al. pre-
accumulated moisture fluxes method. NCEP R-1 and R-2
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Figure 2-20: Central U.S.,
cipitation recycling model,
data.
Monthly recycling ratio, 1998-2001. Brubaker et al. pre-
time-averaged Q method. NCEP R-1 and R-2 reanalysis
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Figure 2-21: Amazon region. Radiosonde stations used in NCEP R-1 reanalysis. o =
twice daily soundings, X = once daily sounding at 12 (J. Woollen, NCAR).
2.5.3 South America- Amazon
The region studied is the Amazon area (15S:2.5N,75W:50W), Figure 2-21, within the
Gaussian grid, similar to the region investigated by Brubaker et al. (1993).
Radiosonde coverage
Radiosonde coverage in this region is sparse as shown in Figure 2-21. There are two
once daily stations inside the region and several twice-daily stations located along the
coast.
Moisture fluxes
Easterly moisture flux is the predominant direction of moisture transport into this
region. Figure 2-22 shows the boundary fluxes into the region for east,south and north
directions. The R-2 data has larger easterly moisture influx into the region than R-I
for the wet season months (Jan-Mar.) in 1998 and in 1999. The R-2 northerly flux is
consistently higher than R-2 during the wet season months (Jan.-March) for all four
years. This may be due to the movement and position of the ITCZ in the different
reanalyses.
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Figure 2-22: Amazon region. Monthly (positive) moisture fluxes into region , 1998-
2001.
Evaporation
Monthly mean evaporation over the region for R-1 and R-2 datasets is shown in
Figure 2-23. The R-2 evaporation is about 15-20 mm/month less than the R-1 evap-
oration during the rainy season (Dec-March). As noted previously, the R-1 and R-2
treatment of soil moisture evolution is different and this may be the cause of the
difference in evaporation. The overall pattern is similar to the monthly mean pre-
cipitation pattern, Figure 2-24 where the wet season (Dec-March) and dry season
(July-Aug) precipitation and evaporation are correlated. There is substantially less
precipitation than in the other years in the first few months (wet season) of 1998 of
the TRMM 3B43 dataset, which is not reflected in either the R-1 or R-2 evaporation.
Recycling ratios
The Eltahir and Bras spatial model recycling results are shown in Figure 2-25 for
accumulated moisture fluxes and Figure 2-26 for time-averaged moisture flux Q.
The Brubaker model recycling results are shown in Figure 2-27, accumulated fluxes
method and Figure 2-28, the time-averaged moisture flux method.
Table 2.5 and Table 2.6 show the recycling ratio mean results for 1998-2001. The
Brubaker model yields lower recycling ratios than the Eltahir and Bras model. The
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Figure 2-23: Amazon region. region, Monthly mean evaporation in region, 1998-2001.
NCEP R-1 and NCEP R-2 reanalysis data.
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Figure 2-24: Amazon region. Monthly regional average precipitation, 1998-2001.
source: TRMM 3B43 (v.5).
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Figure 2-25: Amazon region, Monthly recycling ratio estimate for 1998-2001. Eltahir
and Bras (1994) recycling model using accumulated moisture fluxes. NCEP R-1 and
R-2 reanalysis data.
Table 2.5: Amazon, Eltahir and Bras recycling ratio, 1998-2001
Reanalysis/method Recycling ratio
R-1 accumulated 0.236
R-2 accumulated 0.214
R-1 time-averaged 0.245
R-2 time-averaged 0.241
time-averaged Eltahir and Bras model mean results for 1998-2001 (R-1: 0.236) and
(R-2: 0.214) are similar to the Eltahir and Bras (1994) results of 0.25 using ECWMF
data.
2.6 Discussion
Two moisture flux computation methods were compared, the time-averaged method
and the accumulation method. The accumulated method results in smaller regional
recycling ratios than the time-averaged method, using the same reanalysis dataset,
for all three regions and both models. This is consistent with the fact that the
accumulation method will yield larger values of moisture flux than the time-averaged
method with other inputs held constant. The recycling ratio is expected to decrease
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Figure 2-26: Amazon region, Monthly recycling ratio estimate for 1998-2001. Eltahir
and Bras (1994) recycling model using monthly time-averaged vertically integrated
moisture flux vector Q. NCEP R-1 and R-2 reanalysis data.
Table 2.6: Amazon, Brubaker recycling ratio, 1998-2001
Reanalysis/method Recycling ratio
R- 1 accumulated 0.158
R-2 accumulated 0.147
R-1 time-averaged 0.176
R-2 time-averaged 0.169
with increasing advective moisture influx. However, the sensitivity of the results to
the moisture flux computation method varies for the different regions and models.
The effect of the method on recycling results is different for the two recycling
models. For Brubaker et al. (1993) model, the effect is large in West Africa and
central United States. However, the effect of the different computation methods is
small for the Amazon. The effect of moisture flux computation on the results depends
on the recycling model and the size of the region, depending on the specific synoptic
pattern variations. For the Brubaker et al. (1993) model, a spatially lumped model,
the boundary of the region is the determining factor for moisture influx. For a large
region such as the Amazon region and a predominant easterly flow, small differences
are expected for the two methods.
The atmospheric reanalysis data is not of equal quality over the various regions of
-
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Figure 2-27: Amazon region., Brubaker et al. (1993) recycling model using monthly
accumulated moisture flux, 1998-2001.
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Figure 2-28: Amazon region, Brubaker et al. (1993) recycling model using monthly
time-averaged vertically integrated moisture flux vector Q, 1998-2001.
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interest. One important factor is the observation density. The radiosonde coverage
(frequency and location) associated with the reanalysis data assimilation is a useful
dataset. This data is not readily available. This type of metadata should be archived
along with databases of reanalyses. A clearinghouse for reanalyses is proposed to be
established by WCRP (WOAP-1, WCRP 2005).
The effect of different methods in computing moisture flux translated to larger
differences in recycling ratio results than using different reanalysis datasets. This
emphasizes the importance of the moisture computation method on the recycling
results.
2.7 Summary
Bulk recycling methods have been criticized because of their use of time-mean data
to estimate moisture influx, a key input to these models. Monthly time-mean data
do not capture the submonthly diurnal and synoptic scale important in water vapor
transport. However, the use of time mean data is not a requirement of these models.
An alternative method of estimating moisture flux called the accumulation method
uses the data at the finest time-scale available, usually 6 hourly, and the boundary
flux is computed N times per month where N is the number of time samples of data
during the month.
The value of moisture influx computed by the accumulation method is equal to
or greater than the value computed in the time-averaged method. A simple example
is presented which shows how the two methods yield different moisture influx values.
The reason for the different values obtained by the two methods is discussed.
Smaller monthly recycling ratio estimates were found for all three regions (west
Africa, Amazon, central US) and models (Brubaker et al. 1993 and Eltahir and Bras)
using the accumulation method as compared to the time-averaged method. Most
previous recycling studies used the time-averaged method. Since the accumulation
method will yield larger moisture influx than the time-averaged method, this will
tend to decrease the recycling ratio estimate if all other inputs held constant. The
differences in recycling results will depend on the specific sub-monthly synoptic cir-
culation patterns and the size and orientation of the region of interest. The moisture
flux resulting from the different methods can be quite different, depending on several
factors, including the choice of recycling model. The lumped large region of Brubaker
et al. model considers only the boundary of the region whereas the Eltahir and Bras
model use the data on a spatial grid usually at the horizontal resolution of the data.
The accumulation method is recommended over the time-averaging method in
most cases when estimating moisture fluxes in bulk recycling models, as it takes into
account the submonthly variations available in the data.
2.8 NCEP Reanalysis format
Table 2.7: Model levels and sigma thickness, Kalnay et al. (1996).
Model level Midlevel sigma Delta sigma Mandatory pressure level (hPa)
28 2.73 6.57 3.0
27 10.06 7.29 10.0
26 18.34 9.23 20.0
25 28.75 11.60 30.0
24 41.79 14.51
23 58.05 18.03 50.0
22 78.15 22.22 70.0
21 102.78 27.09 100.0
20 132.61 32.62
19 168.23 38.67 150.0
18 210.06 45.03 200.0
17 258.23 51.35 250.0
16 312.48 57.16 300.0
15 372.05 61.97 400.0
14 435.68 65.26
13 501.68 66.69 500.0
12 568.09 66.06
11 632.90 63.47
10 694.26 59.19 700.0
9 750.76 53.72
8 801.42 47.54
7 845.79 41.15 850.0
6 883.84 34.93
5 915.92 29.19 925.0
4 942.55 24.05
3 964.37 19.59
2 982.08 15.82
1 995.00 10.0 1000.0
Table 2.8: Global Gaussian latitudes of T62 model. There are 192x94 data points in
this grid. The longitudes of data grids are equally spaced from 0 degree to -1.875E
at an increment of 1.875 degrees. (NCAR DSS ds090.0)
J-index LATITUDE COS(Latitude)
1 88.5420 N 0.0254
2 86.6532 N 0.0584
3 84.7532 N 0.0914
4 82.8508 N 0.1245
5 80.9474 N 0.1573
6 79.0435 N 0.1901
7 77.1393 N 0.2226
8 75.2351 N 0.2549
9 73.3307 N 0.2868
10 71.4262 N 0.3185
11 69.5217 N 0.3499
12 67.6171 N 0.3808
13 65.7125 N 0.4113
14 63.8079 N 0.4414
15 61.9033 N 0.4710
16 59.9986 N 0.5000
17 58.0940 N 0.5285
18 56.1893 N 0.5565
19 54.2846 N 0.5838
20 52.3799 N 0.6104
21 50.4752 N 0.6364
22 48.5705 N 0.6617
23 46.6658 N 0.6863
24 44.7611 N 0.7100
25 42.8564 N 0.7331
26 40.9517 N 0.7553
27 39.0470 N 0.7766
28 37.1422 N 0.7971
29 35.2375 N 0.8168
30 33.3328 N 0.8355
31 31.4281 N 0.8533
32 29.5234 N 0.8702
33 27.6186 N 0.8861
34 25.7139 N 0.9010
35 23.8092 N 0.9149
36 21.9044 N 0.9278
37 19.9997 N 0.9397
38 18.0950 N 0.9505
39 16.1902 N 0.9603
40 14.2855 N 0.9691
41 12.3808 N 0.9767
42 10.4760 N 0.9833
43 8.5713 N 0.9888
44 6.6666 N 0.9932
45 4.7618 N 0.9965
46 2.8571 N 0.9988
47 0.9524 N 0.9999
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Chapter 3
Synoptic time-scale precipitation
recycling
3.1 Introduction
In the previous chapter, we concluded that synoptic variations are important in com-
puting moisture influx and these variations are reflected in the differences in recycling
results in the two methods investigated, the time-averaged method and the accumu-
lation method. In this chapter, we argue further that the synoptic time scale is of
essential interest in precipitation recycling. The synoptic circulation pattern sets the
wind direction which is important in precipitation recycling. The downwind area in
a region will tend to have a larger precipitation recycling ratio because of the greater
chance that evaporation from the region contributes to rainfall. Given known syn-
optic patterns in a region we will show that they are reflected in the precipitation
recycling results.
Chemical transport in the atmosphere, including transport of air pollution, pro-
vides another perspective on the importance of the synoptic time scale to precipitation
recycling. Classification of synoptic circulation patterns is relied on extensively in air
pollution studies (Davis and Kalkstein 1990, Greene et al. 1999). Precipitation recy-
cling encompasses water vapor transport as it concerns the fate of evaporation from
the land surface, and water vapor transport can be considered a chemical transport
problem. A specific example where synoptic-scale variations have been shown to
be important in moisture transport is the warm season in the central United States
(Schubert et al. 1998).
Monthly recycling estimates are prevalent in previous studies. Previous studies
have investigated monthly recycling ratio estimates in different contexts: climate (10
year) (Brubaker et al. 1993), interannual variability (Bosilovich and Schubert 2001,
Dominguez et al. 2006) and extreme years in terms of drought and flood (Dirmeyer
and Brubaker 1999). There have been a few studies which present estimates on other
than a monthly basis. Annual and seasonal estimates are computed in Trenberth
(1999). Kurita et al. (2003) studied daily precipitation recycling in Siberia in an
event-based perspective. In this study, precipitation recycling at the synoptic time-
scale is investigated.
In order to test the hypothesis that the synoptic spatial patterns will be reflected in
the spatial recycling results, we selected a region with a known distinct meteorological
regime which is fairly well-studied, the southwest Amazon. The TRMM-LBA region
(67.5W:60W,15S:7.5S) in the southwest Amazon was part of the field experiment
WETAMC in January and February of 1999. Two distinct synoptic regimes were
detected during this period, easterly and westerly surface regimes (Betts et al. 2002).
The synoptic pattern of alternating easterly and westerly regimes is hypothesized to
be reflected in the recycling ratio results. This hypothesis is not self-evident as the
recycling ratio also depends on the evaporation spatial pattern and to a lesser extent,
the precipitable water spatial pattern.
To study recycling at synoptic time-scales, a time-dependent precipitation recy-
cling model is derived based on Eltahir and Bras (1994), which includes the atmo-
spheric storage term. At the submonthly time scale of synoptic patterns the storage
term is not negligible. Precipitation recycling in a large region is investigated, the
Amazon Basin (15S:2.5N,75W:50W), with the TRMM-LBA region a smaller subre-
gion (15S:7.5S,67.5W:60W), using the modified Eltahir and Bras recycling model. In
the next section, the derivation of this model is presented.
3.2 Model derivation
In this section, a new precipitation recycling model is derived which adds the at-
mospheric storage term to the Eltahir and Bras (1994) model. The original Eltahir
and Bras model neglected the atmospheric storage terms as it was argued that the
monthly storage term is much less than the monthly fluxes (Eltahir and Bras 1996).
First, a region is specified and is divided into a spatial grid. The precipitation
recycling ratio r associated with each grid box is defined as the fraction of precipitation
derived from local evaporative sources (i.e. within the given region), Pm, to total
precipitation P in the grid box.
Pm
r= (A-1)
P
For each grid box, the control volume consists of the atmospheric column from the
landsurface to the top of the atmosphere, or some finite level above which moisture
transport is negligible (e.g. 150 mb). The advective and local atmospheric water
balance equations apply, Equations A-2 and A-3, to each grid box.
dwa  - I- Oa - Pa (A-2)at
m Im- Om + E - Pm (A-3)at
The total water balance is
Ow = I - O + E - P (A-4)at
Finite difference approximations (backward) of the time derivatives are made,
where At is the time step. By definition of the recycling ratio r in Equation A-1 and
Equations A-3 and A-4,
Pm -wm(t) + wm(t - At) - OmAt + ImAt + EAt
P -w(t) + w(t - At) + IAt - OAt + EAt
The variable Om is substituted into Equation A-5 using the well-mixed assumption
in the form of Equation A-6.
Wm Orn
r = m= (A-6)
w O
Rearranging results in an expression for the recycling ratio
wm(t - At) + EAt + ImAt
r = (A-7)
w(t - At) + IAt + EAt
The local contribution of precipitable water at the previous time step, wm(t - At) is
assumed to be related to the recycling ratio at the previous time step by the well-
mixed assumption, wm (t - At) = r(t-At)w(t - At). The final expression for recycling
ratio is
r(t) = w(t - At)r(t - At) + EAt + ImAt
w(t - At) + IAt + EAt
The local influx Im is not known as in Eltahir and Bras (1994), and a similar
strategy as in that study is used to obtain Im. The well-mixed assumption is invoked
for the moisture influx, so that Im(t) = r(t)I(t). This makes Equation A - 8 non-
linear in r. The equation is solved by iteration, where each grid is dependent on the
surrounding grids. The solution is not found to be dependent on the initial guess of
the recycling ratio.
The time step At should be chosen considering the width of a grid box in the
specific application and the time it takes a water vapor molecule to be transported
across the grid box. The model assumes a well-mixed concentration withing each
spatial grid box, and in theory one could choose a time step At of one minute for
example. However, the choice of At should be constrained by physical reality. For
NCEP R-1 and R-2 reanalysis data, the length of a grid box is approximately 200
km. If an average moisture velocity is 5 m s - 1, then the time it takes a water vapor
molecule to transverse the grid box is about 11 hours. The choice of At should be
greater than this minimum number, and can be considered somewhat like a Courant
number found in numerical methods. Thus, it would not make sense to run this model
at diurnal timescales (At = 4 hours) with NCEP reanalysis data. In the future,
regional reanalyses such as NARR (North American Regional Reanalysis) (Mesinger
et al. 2006) will be available, where the data has spatial resolution of about 32 km.
The time it takes to transvere the grid box would be about two hours in this case,
assuming a moisture velocity of 5 m s - 1, and thus it may be possible to run the model
at diurnal time scales (At = 4 hours).
The model is initialized by running a spin up period. The spin up period is
experimentally determined by testing different initial conditions. The model can
either be run sequentially in continuous-time mode where several regional recycling
ratios are output, or spun up to to a certain desired submonthly time period, where
only one regional recycling ratio is produced.
A regional recycling ratio for a given time period (At) can be calculated by weight-
ing the grid recycling ratios by their fraction of total precipitation in the region.
The one grid version of this model was derived by Kurita et al. (2003) and applied
on a daily (event) time scale, which does not require iteration in its solution. The
spatial nature of the model however is critical to the question of how the synoptic
patterns are reflected in the precipitation recycling ratio patterns.
3.3 Method
Model inputs
The recycling model Equation A-8 requires moisture influx I, evaporation E, and
precipitable water w as inputs, associated with each grid box in the given region for
the specified time step At. The spatial grid is selected as the Gaussian grid associated
with the NCEP R-1 reanalysis, approximately 1.9 degrees horizontal resolution.
The moisture influx I for each grid box is derived by determining the moisture
influx at each 6 hour period and then accumulating the influxes over the time period
At, known as the accumulation method in Chapter 2. The original model sigma-
level NCEP R-1 reanalysis data (zonal wind, meridional wind, specific humidity and
surface pressure) is used to compute vertically integrated moisture flux at 6 hourly
intervals. Computation details about the vertically integrated moisture flux have
been provided in Section 2.3.2.
The evaporation E is available in the NCEP R-1 reanalysis as latent heat flux six
hour averages which are valid starting from the reference time. The time-averaged
evaporation during At is used as input. If latent heat flux is negative in the dataset,
the evaporation is set to zero. Precipitable water w is available in the NCEP/NCAR
as instantaneous values at six hour intervals and the time-mean over the At period
is used as input.
Meteorological regimes
Two distinct synoptic regimes were detected during the field experiment WETAMC in
the TRMM-LBA region (67.5W:60W,15S:7.5S) in the southwest Amazon in January
and February 1999 (Betts et al. 2002). These regimes were associated with either
easterly or westerly (northwesterly) surface winds. The identified easterly (E1-E3)
and westerly regimes (W1-W3) are shown in Table 3.1.
The westerly regime is more prevalent than the easterly regime. For the three wet
seasons (December-March) of 1998-99,1999-2000,and 2000-01, Petersen et al. (2002)
finds that the percentage of time in the westerly regime is greater than 60 percent for
the TRMM-LBA region. Petersen et al. also showed how the NCAR R-1 reanalysis
zonal wind at 850mb could be used as an index to identify synoptic regimes. Figure 3-
2 shows an example of using the 5-day moving average associated with the 850mb level
zonal wind to identify easterly and westerly regimes. This time period corresponds
to the regimes indexed by DOY (day of year) 1999 in Table 3.1. Moreover, Peterson
et al. found that reanalysis data coincided with station data at Abracos Hill, a
TRMM-LBA site.
Continuous-time experiment
The January-February 1999 period is studied for the Amazon region (15S : 2.5N, 75W :
50W), with the TRMM-LBA region (67.5W : 60W, 15S : 7.5S) a subregion located
in the southwest Amazon. The time interval At is set at three days. This is the mini-
mum duration of a synoptic period in this two month period, see Table 3.1. The spin
up consists of 5 time periods (5 3-day periods or 15 days), experimentally determined,
Table 3.1:
11-Feb 28,
Meteorological regimes, Easterly and Westerly, TRMM-LBA region, Jan
1999.
I Regime type Duration
El Easterly 11 Jan 00Z - 14 Jan 00Z DOY 11-13 3 days
W1 Westerly 14 Jan 00Z-19 Jan 00Z DOY 14-18 5 days
E2 Easterly 19 Jan 00Z-29 Jan 00Z DOY 19-28 10 days
W2 Westerly 29 Jan 00Z-8 Feb 00Z DOY 29-38 10 days
E3 Easterly 8 Feb 00Z-22 Feb 00Z DOY 39-52 14 days
W3 Westerly 22 Feb 00Z - 1 Mar 00Z DOY 53-59 7 days
Figure 3-1: Amazon region. TRMM-LBA region is subregion. Radiosonde stations
used in NCEP R-1 reanalysis. o = twice daily soundings, X = once daily sounding
at 12 (J. Woollen, NCAR).
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Figure 3-2: Zonal wind at 850mb, NCEP R-1 reanalysis, Jan-Feb. 1999. TRMM
LBA-region. Top: spatial average. Bottom: 5 day moving average. Easterly and
westerly regimes can be identified using zonal wind at 850mb (Peterson et al.2002).
Also see Table 3.1, indexed by Day of Year (DOY).
after which the model is run continuously.
Note that this is the wet season in the Amazon, so for the At = 3 day period,
precipitation has occurred in the three day period for each grid in the region (approx-
imately 1.9 degrees or 200km). If precipitation did not occur in the time interval At
there could be difficulty in interpreting the meaning of the recycling ratio.
3.4 Moisture flux and synoptic regimes
In this section, we show that the identified synoptic regimes are reflected in the
moisture flux field patterns. The potential effect of the synoptic pattern on the
recycling ratio will be by way of the moisture influx, required as input to the recycling
model. The vertically integrated moisture flux field Q is analyzed as it is used to
calculate moisture influx. The synoptic regimes identified in this Amazon region
of interest are associated with the lower level atmospheric circulation (surface and
850/700mb atmospheric levels) whereas the vertically integrated moisture flux vector
is computed up to approximately the 150mb level. The upper air circulation, which
could be different than the lower level circulation, can also influence the moisture flux
r
........ .. . .. .. .. . ... .. .. .. .. .. ..... ..
- · ·; -· · -V·--· - ;·r~l ~.v _ ~ i a
.... .... . .. ... ..... ...... ...... .
-a
.. . . . . . . . . . .
(B) Regime W1
-65 -60
(C) Regime E2
-70 -65 -60
(E) Regime E3
-55 -50
-5
-10
..I1 ::
-75
-75
5
0
-5
-10
-15
-7-55 -50
-5
-10
_I1
-70 -65 -60 -55 -50
-70 -65 -60
(D) Regime W2
-55 -50
5 -70 -65 -60 -55 -5(
(F) Regime W3
-70 -65 -60 -55 -50
Figure 3-3: Amazon region. Consecutive synoptic regimes Jan.19-February 28, 1999,
(A)-(F). Time-averaged vertically integrated moisture flux vector Q = (Qx, Qy) (kg
r - 1 s-1') associated with denoted easterly (E1,E2,E3) and westerly (W1,W2,W3)
regimes. Computed from NCEP-NCAR (R-1) model sigma reanalysis data. Inserted
box is TRMNI-LBA region. See Table 3.1 for information on synoptic regimes.
field.
The moisture flux vector Q is time-averaged over the duration of each identified
synoptic regime of January and February 1999 in Table 3.1. This period consisted of
six alternating easterly and westerly regimes: E1,W1,E2,W2,E3 and W3. The time-
averaged vertically integrated moisture flux (Qx,Qy) fields are shown in Figure 3-3
(A)-(F). The northwest character of the westerly regimes in the TRMM-LBA region
(inset box) is evident in Figure 3-3 (B),(D) and (F). Likewise, the east/northeast
character of the easterly regimes in the TRMM-LBA region is evident in Figure 3-3
(A),(C) and (E). The westerly regimes have a distinct character compared to the east-
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erly regimes in terms of moisture transport. Given that the time-averaged moisture
flux field reflects the synoptic patterns, this evidence supports the hypothesis that the
precipitation recycling ratio patterns should reflect the synoptic patterns. However,
we must test the actual recycling results output from the model since evaporation
and precipitable water are also spatial inputs to the recycling model and influence
the results.
3.5 Recycling results
In the discussion of the recycling ratio results, the easterly and westerly synoptic
regimes of the TRMM-LBA in Table 3.1 will be referenced. The recycling results
for the consecutive period January 16-February 27, 1999 are shown in Figures 3-4 to
3-7. The precipitation recycling ratio for consecutive three day periods is shown in
Figure 3-4 A-D, starting with the three day period Jan. 16-18, 1999. A northwest
wind circulation/moisture transport can be detected in the recycling ratio pattern
associated with the westerly W1 regime in the TRMM-LBA region in Fig. 3-4 (A)
in the west portion of the region. There is some resemblance of northwesterly cir-
culation/moisture transport in the next 3 day period Jan. 19-21, Figure 3-4(B), in
the southwest part of the region. This particular 3 day period of Jan. 19-21 is a
mixed synoptic period consisting of the last day of westerly regime W1 and the first
two days of the easterly E2 regime, so it is consistent that the recycling ratio pattern
would reflect some character of northwest moisture flux/circulation.
The easterly regime E2 for the TRMM LBA region consists of 10 days from Jan.
19-29, 1999. Figure 3-4(C) and (D) representing Jan. 22-24 and Jan. 25-27 respec-
tively show recycling ratio patterns indicative of northeasterly moisture/circulation
flow. Easterly regimes are consistent with northeasterly flow in the TRMM-LBA re-
gion (Petersen et al. 2002). Figure 3-4(D) shows a more easterly than northeasterly
pattern for recycling ratio, at least in the TRMM-LBA region (note the more vertical
nature of the 0.3 recycling ratio contour in the TRMM-LBA region).
Figure 3-5(A) shows a recycling ratio pattern which is a northeasterly pattern
in most of the region, but also indicates some intrusion of northwesterly flow in the
southwest corner of the region. This is the last 3 day period of the easterly regime E2
as defined for the TRMM-LBA region. Although this three day period is defined as
an easterly regime in the TRMM-LBA region, the synoptic feature associated with
the westerly regime seems to have moved into part of the entire region studied, the
Amazon (15S:2.5N,75W:50W). This is consistent with the Petersen et al. (2002)
analysis that the regimes are associated with movement of anticyclonic systems along
an axis.
Figures 3-5(B) and (C) give some indication of northwesterly flow in the southwest
part of the region. However, the recycling ratio indicates easterly moisture flow at
least for the easterly part of the TRMM-LBA region. This is consistent with the
time-averaged moisture flux for this regime period of W2 shown in Figure 3-3 where
the northwesterly flow is apparent in the westerly part of the TRMM-LBA inset box.
Figure 3-6 (D) represents another mixed synoptic three-day period consisting of
one day of easterly regime E2 and the first two days of W2. The northwesterly
pattern is indicated in the west part of the TRMM-LBA region and to the west of
the TRMM-LBA region.
The W3 period starts February 22, and the first three days are shown in Figure 3-7
(A). However, the recycling ratio results do not show evidence of a westerly regime
in TRMM-LBA region. It is not clear why this is the case. The period of Feb.
25-28 represented in Figure 3-7(B) does display recycling ratios which indicate a
northwesterly moisture flow pattern in the TRMM-LBA region.
3.6 Discussion
The precipitation recycling ratio spatial patterns at the three day time step reflect
the alternating synoptic easterly and westerly regimes in the TRMM-LBA region.
The three day time step captures the movement of features associated with the two
synoptic regimes. The results yield a different recycling picture than monthly spatial
precipitation recycling ratio estimates which consists of only one spatial pattern.
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Previous monthly estimates necessarily promote a static view of recycling in that
there is one recycling pattern for the month.
Bulk precipitation recycling models provide an advantage over other methods in
studying the synoptic time-scale. These methods are flexible in the definition of a
region and its spatial grid. Water vapor tracer methods, for example, are not well
suited to studying the synoptic-time scale since the regions would need to be defined at
the finest scale of the GCM, increasing the number of tracers in the model significantly
which results in high computation cost. Moreover, the water vapor tracer methods
are entirely model-based and do not use atmospheric reanalysis data, which provides
information about the actual synoptic conditions in the region of interest.
This study suggests a new spatial scale important in land-atmosphere interaction.
The boundary layer is the appropriate scale of the atmosphere in land-atmosphere
interactions at the diurnal time scale, as the diurnal evolution of the boundary layer
is important (Entekhabi et al. 1999). Likewise, the spatial scale where synoptic
circulation patterns are the same is an important land boundary extent for land-
atmosphere interaction at synoptic time-scales, associated with directional moisture
transport patterns.
Synoptic circulation patterns, approximately one to three days duration, can inter-
act with soil moisture at the landsurface, which has a time constant of approximately
two weeks to several months. The mixing of these land-atmosphere effects can lead to
the following situation. Precipitation associated with one synoptic regime results in
soil moisture infiltration, which is evaporated and can be picked up by winds associ-
ated with a different synoptic pattern. Thus the downwind area would be different in
its evaporation (source) regime than its precipitation (sink) regime. This implies the
region of influence of soil moisture (i.e. evaporation) in contributing to precipitation
is larger in this case than if there were one constant synoptic pattern. The effect of
evaporation spreads out in different directions according to the changing synoptic cir-
culation patterns. This implies that precipitation recycling and its land-atmosphere
interaction is more complex than the landsurface interacting with moisture transport
along one constant wind direction or streamline as in the original Budyko recycling
model.
This complexity has implications for the the TRMM-LBA region, which includes
the partially deforested area of Rondonia. The fetch (downwind area) is different in
the partially deforested area in the alternating synoptic regimes (west/northwesterly
and easterly). The contribution of evaporation from the landsurface to precipitation
in a fixed point in this region is contributed from a spread of directions. This would
enhance the effect of precipitation recycling in this partially deforested area.
3.7 Summary
The synoptic time scale is argued to be of essential interest in precipitation recycling.
The wind direction is different in the various synoptic regimes of a given region,
which occur on submonthly time scales. The downwind area in a region tends toward
greater precipitation recycling ratio because of the greater chance that evaporation
from the landsurface contributes to rainfall. Previous studies have focused on monthly
estimates of precipitation recycling ratio, which obscure the synoptic circulation vari-
ations. In this study, we showed that synoptic circulation patterns are reflected in
the precipitation recycling ratio patterns.
A new spatial precipitation recycling model, based on Eltahir and Bras (1994),
is derived which includes the atmospheric storage term so that submonthly synoptic
time scales can be studied. This model is flexible in that different time steps can
be accommodated. Initially a spin up period is computed and the model can be run
either in continuous-time mode or spun up to the desired time period of interest.
The new recycling model was applied to the Jan-Feb. 1999 period in the Amazon
region. The inputs to the recycling model used NCEP/NCAR (R-1) reanalysis origi-
nal model sigma level 6 hourly data. The time step of the recycling model was three
days, which is the smallest duration of all synoptic regimes in these two months. The
precipitation recycling ratio spatial patterns reflect the alternating synoptic easterly
and westerly regimes in the TRMM-LBA region.
Furthermore, the three day time step captures the movement of features associ-
ated with the two synoptic regimes. The results show evolving precipitation recycling
patterns as synoptic regimes gradually transition rather than drastic shifts of pre-
cipitation recycling ratio pattern from one synoptic regime to another. The results
yield a different recycling picture than monthly spatial precipitation recycling ratio
estimates, which consists of only one spatial pattern.
The potential application of synoptic time scale precipitation recycling is any
region and period where synoptic scale patterns exist. Since recycling has been shown
to be important in a variety of midlatitude continental systems there are other regions
which could be studied. Midlatitudes regions have weather systems which operate at
the synoptic scale.
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Chapter 4
Relaxing the well-mixed
assumption
4.1 Introduction
Bulk precipitation recycling models share three common assumptions (Burde and
Zangvil 2001a): (1) time-averaged data is used to estimate fluxes, (2) the change in
atmospheric storage term is neglected and (3) the well-mixed assumption is invoked.
In this chapter, the well-mixed assumption is examined. The assumption is relaxed
in these type of recycling models by the introduction of two parameters.
There are several types of evidence for the validity or lack of validity of the well-
mixed assumption. Water vapor tracer studies provides both quantitative (Bosilovich
2002) and qualitative (Numagati 1999) evidence. Brubaker et al. (1993) points out
that this is a, critical assumption in their recycling model and discusses Stidd's (1967)
argument against the well-mixed assumption. Stidd supposes that since precipitation
is associated with rising air, the local source of water vapor would be associated with
a storm. The Stidd argument, which implies a local bias of the precipitation source
relative to its water vapor fraction in the atmospheric vertical column, is consistent
with the majority of Bosilovich's (2002) quantitative water vapor tracer results for
summer in the continental United States.
Recently Burde (2006) takes into account incomplete vertical mixing which is spe-
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cific to the 2D precipitation recycling model of Burde and Zangvil (2001). This study
uses a different approach. Starting from an analysis of the well-mixed assumption as
invoked in the Eltahir and Bras (1994) recycling model, we rederive the Eltahir and
Bras model to allow for vertically nonuniform atmospheric moisture and fluxes. We
account for both effects identified in Bosilovich's (2002) water vapor tracer study: (1)
the ratio of local to total precipitation is not equal to the corresponding precipitable
water ratio and (2) the atmospheric vertical distributions of local and advective mois-
ture sources are different. Moreover, the framework is a general approach which can
be applied to other bulk precipitation recycling models.
The central United States region in summer is investigated using the new model,
with the two new parameters estimated from information derived from a water vapor
tracer study (Bosilovich 2002) and reanalysis data. We find the regional recycling
ratio increases by over thirty percent as compared to the original well-mixed assump-
tion. The results generally scale the original model results. This scaling behavior is
consistent with other studies which show high correlation between water vapor tracer
recycling results and output from bulk recycling models.
4.2 Background
Budyko (1953, published Budyko 1974) first made the well-mixed assumption arguing
that due to a turbulent atmosphere, water vapor molecules can be considered well
mixed. To place this in historical context, surface layer similarity theory, which is
widely used in current land-atmosphere schemes, was introduced shortly thereafter by
Monin and Obukhov in 1954 (Monin and Obukhov 1954). Two dimensional models
derived from the Budyko model include Brubaker et al. (1993) and Eltahir and Bras
(1996). These models invoke some form of the well-mixed atmosphere assumption.
There is one recycling model which does not invoke the well-mixed assumption, the
Lettau et al. (1979) model, which is discussed below.
Eltahir and Bras (1996) cite two studies as evidence for the well-mixed assumption.
One study is associated with the atmospheric mixed layer and the other concerns
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mixing of environmental air in cumulus clouds. According to Lamb (1982), the physics
of the well-mixed layer has a rapid mixing time, about 15 seconds for a mixed layer
depth of one kilometer. Eltahir and Bras also cite Paluch (1979) in that "air forming
clouds mixes with surrounding environment." Paluch diagrams are described in Houze
(1993) and include several aircraft observation examples. Although this provides
evidence of mixing of different levels of origin inside cumulus clouds, it suggests that
the mixing results in a bias of air originating near the cloud base as observed at the
aircraft level midway into the cloud.
Lettau et al.'s model (1979) offers a different approach. Precipitation is assumed
to be a linear combination of precipitation derived from a "fast-recycling" process
and precipitation drawn from a well-mixed reservoir. Fast-recycling is defined as
"local showers developing predominantly in the course of the diurnal insolation cycle
and yielding rain before all cloud water is mixed laterally or vertically with the total
precipitable water in the average tropospheric column above the region." This fast-
recycling process can be considered a "short-circuit" as the lifetime of evaporation in
the atmosphere would be zero in this case. Molion (1975) states that fast-recycling
accounts for 30 percent of total precipitation in the Amazon, which is obtained by
the climatonomy method using several assumptions. Lettau's assumption has neither
been proven or disproven (Burde 2006).
Bosilovich (2002) quantitatively tested the well-mixed assumption by explicitly
computing the precipitation and precipitable water ratios for several regions in the
continental United States during summer, using a water vapor tracer method. Most
regions show more precipitation from the local source than its corresponding fraction
of the total column precipitable water, with the exception being the southeastern
US region. These results are consistent with Stidd's (1967) argument discussed in
Brubaker et al. (1993), where precipitation is associated with rising air, and thus the
local source of water vapor would be more likely associated with a storm. Numaguti
(1999), also using a water vapor tracer simulation, indicates that the well-mixed
assumption may be questionable for some regions (e.g. Scandinavia in winter). Nu-
maguti's work is a qualitative analysis comparing Brubaker et al. (1993) recycling
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model results using GCM output rather than an explicit test as in Bosilovich (2002).
The Bosilovich (2002) and Numaguti (1999) water vapor studies provide evidence
questioning the validity of the well-mixed assumption in midlatitude regions, the con-
tinental US and Eurasian continent respectively. However, the well-mixed assumption
has been argued to be valid in areas of active convection, such as the tropics (Brubaker
et al. 1993). This study provides a framework to relax the well-mixed assumption,
especially in midlatitude regions.
4.3 Approach
We first analyze the well-mixed assumption as invoked in the Eltahir and Bras (1994)
precipitation recycling model, which leads to a strategy for relaxing the well-mixed
assumption. We also show how it is a general approach for application to other
recycling models by considering the Burde and Zangvil (2001) model.
4.3.1 Eltahir and Bras (1994) recycling model
The Eltahir and Bras (1994) recycling model is based on atmospheric water balance,
neglecting the atmospheric storage term. The storage term over the course of a
month is usually small compared to the other fluxes. First, a region is specified
and is divided into a spatial grid. For each grid box, the control volume consists of
the atmospheric column from the landsurface to the top of the atmosphere, or some
finite level above which moisture transport is negligible (e.g. 150 mb). The local and
advective atmospheric water balance equations for each grid box are
Im + E = Om +Pm (A-1)
Io = 00+ Po (A-2)
where Im is local moisture influx, E is evaporation, Om is local moisture outflux,
Pm is locally derived precipitation, Io is advective moisture influx, Oo is advective
moisture outflux, and Po is advective precipitation.
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The precipitation recycling ratio r for each grid is defined as the fraction of local
evaporative precipitation to total precipitation, r = Pm/P.
The well-mixed assumption is invoked in the following manner. The critical step
is assuming that the ratio of local moisture outflux to total moisture outflux from
a grid box is exactly proportional to its precipitation sources in the same grid box,
Equation A-3
Pm Om
r M - Om (A-3)P O
where Om, O and Pm are defined above, and P = Pm + Po is total precipitation for
each grid cell of the region.
Substituting Om = rO using the well-mixed assumption of Equation A-3 and the
recycling ratio definition into Equations A-1 and A-2 results in
Im+E = rO+rP (A-4)
o = (1 - r)O + (1 - r)P (A-5)
Dividing these two equations and rearranging leads to the Eltahir and Bras (1994)
recycling model equation
Im +E
m= +E (A-6)I +E
where I is total moisture influx, I = Im + Io. The total moisture influx I can be
determined from data. In order to determine Im, the local moisture influx, another
version of the well-mixed assumption is made, rI = I,, and is applied to the sur-
rounding grids. This substitution for Im results in Equation A-6 being nonlinear in
r. An iteration scheme is used to solve the equation, where an initial guess is chosen.
4.3.2 Definitions
A few definitions will be useful in the analysis of the outflux form of the well-mixed
assumption, Equation A-3. The vertically integrated moisture flux, in the zonal
direction is
Fx= - uq dp (A-7)
g 105s
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where p, is surface pressure, pt is a finite level in the atmosphere, g is acceleration
of gravity, u is zonal wind, q is specific humidity and p is pressure. Similarly, the
vertically integrated moisture flux in the meridional direction is denoted F,, associated
with meridional wind v. The precipitable water w is defined as
1 Pt
w = q dp (A-8)
The local vertically integrated moisture flux, in the zonal direction is
Fxm = -I uqm dp (A-9)9 gps
where qm is local specific humidity. The local vertically integrated moisture flux is
denoted Fym and is associated with meridional wind v. Local precipitable water wm
is
1 Pt
Wm = g- f m dp (A-10)
The total moisture velocity in the zonal direction U is defined as
U = - (A-11)
w
The variable U is useful in describing atmospheric water vapor transport as it is the
average velocity of total moisture in the zonal direction. The total moisture velocity
in the meridional direction V is defined with Fy instead of Fx in Equation A-11. The
local moisture velocity in the zonal direction Um is defined as
U = m (A-12)
Wm
The variable Um is the average velocity of local moisture in the zonal direction. The
local moisture velocity in the meridional direction, Vm, is defined with Fym instead of
Fxm.
106
4.3.3 Well-mixed assumption
The well-mixed assumption is in the form of moisture outflux in the Eltahir and Bras
model. Equation A-3. Suppose there is both a zonal and meridional component of
moisture outflux for a particular grid box. Then the moisture outflux fraction 0 m/ 0
can be described in terms of the variables defined in Section 4.3.2, wi, w, U., Vm, and
dx, the length of a grid box, as in Equation A-13.
Om Umwmdx + Vmwmdx (Urn + Vm)wm PmS= = = -- (A-13)O Uwdx + Vwdx (U + V)w P
If the atmosphere is well-mixed in its entire vertical extent, then the local and to-
tal moisture velocities would be equal, Um = U and Vm = V. In addition, if the
atmosphere is well-mixed then precipitation of various sources would be drawn in
proportion to its amount in the atmospheric column. That is, we have Equation A-
14, where local precipitation is produced in exact proportion to its fractional amount
in the atmospheric column.
wm PmWM= - (A-14)
w P
Hence, for the Eltahir and Bras (1994) model, the well-mixed assumption implies
Equation A-14 and that the local and total velocities are equal, Um = U and Vm = V.
Note that Equation A-14 is one form of the well-mixed assumption used in other
recycling models (Burde and Zangvil 2001a).
4.3.4 Relaxing the well-mixed assumption
Bosilovich (2002), in a GCM water vapor tracer (WVT) study, explicitly computes
the ratios on either side of Equation A-14 for different regions of the continental
United States in summer, where he finds that the ratios are different. A parameter,
a > 0 (dimensionless), is introduced to allow for local sources contribute more (or
less) to precipitation than its fraction of total precipitable water, Equation A-15. The
value a = 1 corresponds to the original well-mixed assumption. For a > 1, the local
source contributes more to precipitation than its fraction of total precipitable water,
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whereas for a < 1, the local source contributes less to precipitation than its fraction
of total precipitable water.
Pm Wm
= a-- (A-15)P w
Computed values of a from the Bosilovich (2002) study are shown in Table 4.1.
The a parameter is much greater than one for the Southern and Northern Plains
regions (1.733 and 1.60 respectively) and for the Northwest region (1.13). For the
Southeast region, the ratio a is less than one (0.91), reflecting a bias towards precip-
itation from the nonlocal (advective) source of water vapor in the column in relation
to its fraction of precipitable water.
Table 4.1: Parameter a; Values computed from Bosilovich (2002, Fig.4 and 6)
Region
Southeast
Southern Plains
Northwest
Northern Plains
Pm
.21
.26
.26
.24
Wm
.23
.15
.23
.15
a = Pm/P
0.91
1.73
1.13
1.60
There is also a question about the validity of the condition that the local and
total moisture velocities are equal, as in Equation A-13. Bosilovich (2002) provides
evidence that the vertical distribution of local moisture is not the same as the total
moisture, see Figure 4-1. Since the local moisture is more prevalent in the lower
levels of the atmosphere than the total moisture, the corresponding local and total
velocities could be different than one, as wind velocity tends to increase with height
in the atmosphere.
A new parameter 3 (dimensionless) is defined to account for the possibility of
different moisture velocities for local and total moisture in Equation A-16.
Om _ (Urn + Vm)m (A16)
O (U+ V)w w
Although we have assumed a zonal and meridional component of moisture outflux
from the grid, the 0 parameter can be defined without loss of generality for any
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possible combination of outflux directions.
4.3.5 Rederivation of Eltahir and Bras recycling model
The moisture outflux fraction can be equated to the recycling ratio r and the two
parameters by using Equations A-16, A-15 and the definition of recycling ratio,
Om __ m =Pm _ r
O w (Pa) a 7 (A-17)
where the two parameters a and 3 are collapsed into one parameter y,
7 = a/0 (A-18)
Starting from the atmospheric water balance equations as before, Equations A-1 and
A-2, the new expression that is substituted is from Equation A-17
Or
Om =
After some algebra (see section 4.8), the recycling ratio r for a grid cell is
Im +E O+P
r= I+E O/7 +P )
(A-19)
(A-20)
The multiplicative factor
O+P
O/y + P
(A-21)
now enters the recycling expression, with P the total precipitation. If -y = 1, this
results in the original Eltahir and Bras (1994) model equation.
The local influx Im is not known from data. In a similar manner to the local
outflux 0 m, I,, can be expressed as
Im Wm _
I w
Pm_ r
Pa - (A-22)
We use this expression for local moisture flux, Irn = rI/,y, for each of the surrounding
109
grids where moisture influx actually occurs. The resulting equation is nonlinear in r
as in the original Eltahir and Bras model. A similar iterative procedure is used in its
solution. Moreover, the 7 parameter is allowed to be spatially varying and is easily
implemented in the model.
In the next section, we present an application of the new recycling model.
4.4 Example
The new model is applied to the central United States region (32.5N : 42.5N, 105W :
85W) during the summer months (June, July, August) for four years, 1998-2001,
where monthly recycling estimates are computed.
4.4.1 Data
Vertically integrated moisture fluxes (Fx,Fy) were estimated using NCEP R-1 reanal-
ysis data (Kalnay et al. 1996) on the original model sigma vertical levels at 6 hourly
interval, on the Gaussian grid (specific humidity, zonal and meridional wind fields,
and surface pressure). The data from the surface up to approximately 150 mb were
used in the integral. For more specifics on the computation of the integral, see Section
2.2.3. Precipitation and evaporation (monthly mean) data are also from the NCEP
R-1 reanalysis.
The regional grid was set up as the Gaussian grid (T62) of the NCEP reanalysis,
approximately 1.9 degrees horizontal resolution. The recycling ratio is defined as
being associated with the center of the grid box.
4.4.2 Parameters
The y = a/03 parameter associated with relaxing the well-mixed assumption is needed
as input to the new recycling model, Equation A-20. The a parameter is based on
values from the Bosilovich (2002) water vapor tracer study, see Table 4.1. For the
central US region, the approximate a value for the Southern Plains is 1.73. A value
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of a greater than one means that the local source of moisture contributes more to
precipitation than its fraction in the precipitable water in the column above the given
grid box.
The 3 parameter is associated with the ratios of local to total moisture outflux
and local to total precipitable water, Equation A-16. This parameter is estimated by
using a combination of NCEP R-1 reanalysis data and information from the Bosilovich
(2002) water vapor tracer study. The key piece of information from the water vapor
tracer study is the vertical distribution of the local moisture fraction (qm/q), see
Figure 4-1. This information is taken from Fig. 5 of the Bosilovich study, where
profiles are given as the spatial average over each region for the (June,July,August)
period. As shown in the Fig. 4-1, the local moisture is more prevalent in the lower
levels of the atmosphere, near the surface, than in the upper levels of the atmosphere
for both the Southern Plains (dashed line) and Northern Plains (circles) regions. The
Northern Plains vertical distribution, Figure 4-1(circles), has a sharper profile than
the Southern Plains (dashed line).
By using this local vertical distribution information along with reanalysis data,
the ratios w,,/w and Om/O, in Equation A-16 can be explicitly computed and thus
/ can be estimated. The vertical profile is taken as fixed for all days and conditions.
The local moisture outflux 0 m is computed from the local moisture flux variables
Fxm and Fym. Using trapezoidal rule integration, the local fluxes Fxm (Equation
A-9) and Fyrn are calculated using the fraction distribution (qm/q) at each level.
That is, the local specific humidity qm at each level is determined by multiplying
the local moisture fraction (qm/q) by total specific humidity (q) from R-1 reanalysis
pressure-level data. In a similar manner, the local precipitable water win, Equation A-
10, is computed using the pressure-level specific humidity data together with the local
moisture vertical distribution.
The variables are computed at 6 hour intervals for the three month summer period
(Jun-August 1998) using wind and humidity (u,v,q) from NCEP reanalysis pressure-
level data (8 levels: 1000mb-300mb) along with the local moisture fraction vertical
distribution, which extends from 1000 to 300mb. The computed 3 parameter is at 6
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hour intervals, the resolution of the reanalysis data, and varies over the three month
period. The median value over the three months is presented (some extremes occur
so median rather than mean is given).
Note the surface pressure is used to cut off the reanalysis data at an appropriate
atmospheric level, as the pressure-level reanalysis data is interpolated down to the
1000mb level. A spatial interpolation of the 3 parameter is also performed since the
pressure-level data is on a 2.5 degree grid, and the recycling model is on a Gaussian
grid (approximately 1.9 degrees).
The estimated i parameter varies by latitude in the region of interest, the central
US region, Figures 4-2 and 4-3. A small latitudinal gradient is displayed in both
cases (Southern Plains (SP) and Northern Plains (NP)) with smaller values toward
the north and larger values in the south. Overall, the )3 parameter is not much
different than one, however. The computed median parameters are slightly less than
one. A 0 parameter of one corresponds to the original well-mixed assumption.
Since wind velocities tend to increase with height in the atmosphere, the local
moisture is expected to be transported with slower average velocity than the total
moisture. In fact, the beta parameter might be expected to be approximately 0.7
or 0.8, an estimate of the ratio of average local moisture velocity to total moisture
velocity. However, the vertical distribution of winds is also important. For the zonal
wind, there is a predominant westerly flow in this region at most vertical levels (e.g.
zonal jet). Thus the computed ratio of local to zonal moisture velocity, Urn/U, is
about 0.7 or 0.8 in many cases in the region. The meridional wind however is more
variable, with smaller velocities than the zonal direction and often alternating wind
directions at different levels in the same atmospheric column. The moisture outflux
in this region contains components of both zonal and meridional directions. Thus,
the beta parameter is calculated to be slightly less than one.
Finally, the Northern Plains has slightly smaller values for the 0 parameter than
the Southern Plains region, Fig. 4-2 and 4-3. This is to be expected since the
Northern Plains vertical distribution of local moisture fraction has a sharper profile
than the Southern Plains region.
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Figure 4-1: Vertical distribution of local moisture. Fraction of local moisture by
atmospheric level. Northern Plains (circles) and Southern Plains (dot-dash). Derived
from Bosilovich (2002, Fig. 5), summer months (June, July, August).
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Figure 4-2: Beta parameter estimate. Southern Plains vertical distribution (see Fig. 4-
1).
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Figure 4-3: Beta parameter estimate. Northern Plains vertical distribution (see Fig. 4-
1.)
4.4.3 Recycling results
Monthly regional recycling ratio results are shown in Figure 4-4 for the summer
months June-August 1998-2001. The y = 1 case corresponds to the original model,
and the well-mixed assumption. The results for the parameters associated with the
region (a = 1.73,0 =SP (SP=Southern Plains)) yields higher regional recycling ratio
results, about 37 percent greater than the original y = 1 case. A higher value of
recycling ratio as compared to the original model is expected since the a parameter
is 1.73, corresponding to a bias toward more local source of precipitation than its
fraction in the column precipitable water.
The average monthly regional precipitation recycling ratio for y = 1, correspond-
ing to the original model, is approximately 0.18 for these summer months (N = 48)
and 0.29 for the new model with Southern Plains parameters.
The monthly variability in the regional recycling ratio is similar for both • = 1,
corresponding to the orignal model, and the new model with appropriate parameters,
for the four years of summer months investigated, see Figure 4-4. This is evidence
that the y parameter relaxing the well-mixed assumption is scaling the original model
results. This is also consistent with studies which show that the Budyko-type models
have the same interannual variability as recycling results from the water vapor tracer
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Figure 4-4: Monthly precipitation recycling ratio, summer months (June, July, Au-
gust) 1998-2001. Central US region (32.5N:42.5N,105W:85W). NCEP R-1 sigma-level
data. Original model corresponds to -y = 1.
115
method using the same GCM output, and have a high degree of correlation (Bosilovich
and Chern 2006). That is, a non well-mixed atmosphere is reflected in the results as
basically a scaling factor, and the interannual variability is preserved.
To understand the sensitivity of the recycling results to the beta parameter, an
experiment was run with parameter 3 set to one (p = 1,a = 1.73) and compared to
the Southern Plains parameters case (3 = SP,a = 1.73). As shown in Figure 4-5,
there is not much difference in the recycling ratio results with a beta parameter of
one and a beta parameter derived from Southern Plains data (SP) with an alpha
parameter fixed in both cases at 1.73. There is a slight increase in the recycling
ratio when using the 3 parameter derived from reanalysis data and local moisture
vertical distribution information as compared to the well-mixed assumption (/ = 1).
As discussed in Section 7.5.2, the 0 parameter estimated from the reanalysis data is
only slightly less than one, whereas one might expect a value of approximately 0.7 or
0.8.
4.5 Generalizing to other models
In this section, the approach to relaxing the well-mixed assumption is generalized
to other recycling models, specifically the 2D Burde and Zangvil model, which is a
partial differential equation (PDE).
The derivation of the Burde and Zangvil (2001) model starts with the two at-
mospheric water balance equations (neglecting atmospheric storage) Equations A-23
and A-24,
aFx OF
+ =E-P (A-23)
ax ay
OFx, aF,,xm Fym = E - Pm (A-24)
Ox + y
where Fxm and Fym are moisture flux of local (evaporative) origin in the zonal
and meridional direction respectively. The local recycling ratio is defined r(x, y) =
Pm(x, y)/P(x, y) where Pm,(, y) is defined as the contribution of evaporation from
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Figure 4-5: Monthly precipitation recycling ratio, summer months (June, July, Au-
gust) 1998-2001. Central US region (32.5N:42.5N,105W:85W). NCEP R-1 sigma-level
data. Sensitivity of recycling ratio to beta parameter. (P = 1, (solid line); P=SP,
Southern Plains, (dashed line).)
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the total area of the domain to precipitation at a single point.
Next, a substitution is made, where the local moisture fluxes Fxm and Fym are
equated to the local and total precipitable water in the following manner:
W W
Fxm = Fx, Fym = Fy (A-25)
w w
The well-mixed condition is also invoked in the form of Equation A-14. Using the
definition of precipitation recycling ratio, r = Pm/P, and Equation A-25 and A-14,
Equation A-24 becomes
rF, rF =- E - rP (A-26)
which is an equation for r, the recycling ratio.
Note that Equation A-25 is an assumption that is made without any comment in
previous studies. The ratio of local moisture flux to total moisture flux is assumed
the same as the ratio of the local to total precipitable water in the column. This is an
implicit assumption which is in addition to the well-mixed assumption in the form of
Equation A-14. Since the moisture flux inherently involves the wind field which varies
in height in the atmosphere, Equation A-25 would be true only in certain cases- for
example, if the vertical distribution of the local and total moisture is the same.
The Burde and Zangvil model will now be rederived to relax the well-mixed as-
sumption, using the framework above. First the moisture flux fraction in the zonal
direction Fxm/Fx is expressed in terms of variables Um, U, wm and w, Equation A-
27. The parameter / is defined as above, 3 = Um/U so that Um, the moisture velocity
associated with local moisture is allowed to be different than U, the moisture velocity
associated with the total moisture.
Fxm UWm 
_ f3wm (A-27)
Fx Uw w
Similar to the zonal direction, the meridional moisture flux Fym/Fy is expressed
as in Equation A-27, where the local moisture velocity in the meridional direction
is V, and the total moisture velocity in the meridional direction is V. As in the
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zonal case, the local moisture velocity V, in the meridional direction is allowed to be
different than the total moisture velocity V, and 3 = V,/V. (Reanalysis data and
local moisture vertical distribution information could be used to estimate the beta
parameter. The zonal and moisture direction could have different beta parameter
values. This would be easily accommodated in the model.)
The ratio Fxm,,I/F in Equation A-27 can be expressed in terms of the recycling
ratio r by using Equations A-27 and A-15 as in Equation A-28
Fxm w_ m Pm 1 r
=_ P =_= - (A-28)Fx w P a Y
where parameter y = a/f3 and could be different than one.
Substituting for Fxm and Fym in the form of Equation A-28 into Equation A-24
yields the new recycling equation
+) ( = E - rP (A-29)
ax Oy
where y is a parameter accounting for the relaxation of the well-mixed assumption.
If y = 1 then the original model is recovered, Equation A-26.
This framework to relax the well-mixed assumption has been applied to another
recycling model besides the Eltahir and Bras model, the Burde and Zangvil (2001)
model. This application is provided as an example to show that the strategy is a
general approach.
4.6 Discussion
The analysis of the well-mixed assumption in the Eltahir and Bras model leads to
the introduction of two parameters, a and p. Parameters a and / were estimated in
Section 4.4.2 using information from the Bosilovich (2002) water vapor study, where
seasonal averages of June, July and August are presented for the United States. Only
the central US region in the summer season is investigated in this study. We do not
assume that the a parameter can be applied to other seasons for these regions.
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The a parameter value of 1.6 or 1.77 is associated with convection, which is
prevalent in the central US region in summer, the period of interest in this study.
An a parameter value greater than one means the local source contributes more to
precipitation than its fraction of water vapor in the atmospheric column. The local
source bias of precipitation is derived from convective processes, buoyant through the
cloud base, as explained by Bosilovich (2002). The a parameter, while obtained by
information from a water vapor tracer study in this case, represents physical dynamic
processes. The a parameter is expected to change seasonally for most regions.
The a parameter is closely tied to the atmospheric level in the atmosphere where
precipitation originates. Although microphysical processes complicate matters (i.e.
vertical velocity, coalescence and evaporation), there are three precipitation categories
that can be mapped to qualitative a parameter values. The first category is convec-
tion. In this case, the a value is expected to be much greater than one (e.g. 1.6 or
1.73.) because of the local evaporative source bias. The second category is upper
level storms, where energy and moisture is derived from outside the region. The a
parameter is expected to be about 0.8, where the advective source contributes more
to precipitation than its fraction of precipitable water in the atmosphere. This precip-
itation category would describe prevalent storms in the winter months in the United
States. The third category is when the original well-mixed assumption is valid, and
a is very close to one. This is expected for regions and periods which experience
frequent deep convection such as the monsoonal period in Thailand.
Although we have used information from a water vapor tracer study to obtain an
a parameter value, we believe that we can derive at least the qualitative category of
a from observations. For example, category three (well-mixed, a close to one) could
be identified by observations. This study relaxes the well-mixed assumption but the
original well-mixed assumption may be valid in areas of frequent deep convection
(Brubaker et al. 1993). One such area is Thailand in the monsoon season. Obser-
vations of water vapor from the NVAP (NASA Water Vapor Project) dataset show
a large isolated precipitable water maximum in the middle and upper atmospheric
levels and precipitable water over 8mm above the 500mb level, which indicates strong
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vertical transport in this region (Randel et al. 1996). This provides evidence that the
well-mixed assumption is valid. The NVAP layered water vapor dataset could help
identify regions and seasons where the well-mixed assumption is valid, by identifying
frequent deep convection. Other data recently available is the latent heating profile
from TRMM satellite data. Using this data, the atmospheric level of rainfall can be
identified (e.g. LBA region in Amazon, Petersen et al. 2002). This would be helpful
in determining the qualitative precipitation process (i.e. shallow convection or deep
convection). Then this could be mapped to a parameter categories
The a parameter was chosen to be spatially constant for the central US region
and is temporally constant because it represents an average of the summer period in
the tracer simulation. If we have more detailed observation information it is easy to
allow a to be a function of space, a(x, y), in the model. In estimating the monthly
recycling ratio, the assumption of constant in time a parameter represents monthly
average precipitation processes. The a can be justified as constant over a month,
since the focus is on monthly recycling time scale in this study. To run the recycling
model on shorter time scales, we would expect to have a similar average a(x, y, t)
representing several storms within a model time step At. For each particular storm,
there may be different processes generating precipitation and level of origination in
the atmosphere. In this case, there is information from the latent heating profile from
TRMM satellite data that can identify levels of origination of rainfall.
The 3 parameter represents how differently the local and total moisture sources are
transported in the region of interest. There are two components to the 3 parameter
in the estimation framework presented: the vertical profile of the fraction of local
moisture and the zonal and meridional winds (u(p),v(p), p is pressure) associated
with each grid of the model. The wind information is combined with the vertical
profile to obtain the 0 value. The vertical profile of local moisture may change over
time. We can consider the profile as an exponential function similar to the vertical
pressure distribution in the atmosphere (the e-folding or scale height for pressure is
about 8km) For regions of deep convection, the e-folding height for local moisture
would be higher in the atmosphere than other regions where there is only shallow
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convection and entrainment into the boundary layer. The vertical profile shape itself
is expected to be similar for all regions. Although the profile would probably change
diurnally according to the evaporation cycle, (as the local source is concerned with
evaporation source in the region) it is not expected to be that significant and we can
take the profile as fixed over the course of a day.
Thus, the 0 parameter can be estimated for a general region by choosing a vertical
local moisture profile distribution. This is consistent with information in Bosilovich
(2002)- all regions display the fact that lower levels of atmosphere have a more preva-
lent local evaporative source. Second, reanalysis data is available globally so that we
just need to combine winds with the vertical moisture profile to obtain the 0 value.
This 3 value tends to be quite variable at the 6 hourly scale of reanalysis data. For
monthly recycling ratio estimation, median values of P should be used for the month.
Recently Burde (2006) takes into account incomplete vertical mixing in the 2D
Burde and Zangvil (2001) recycling model. The Burde (2006) approach starts from
the premise that the local moisture contribution to precipitation relative to its pre-
cipitable water in the atmospheric column consists of an exact proportional term and
another term of an additive nature. A new K parameter is introduced. The flush-
ing frequency, which can be considered an inverse lifetime, for both local and total
precipitable water is assumed to be equal. Burde et al. (2006) infer that it is not
possible to apply their approach to the Eltahir and Bras model.
Burde (2006) finds little sensitivity of the recycling results for the central US
region, whereas in this study there is a 37 percent increase in regional recycling
ratio compared to the original Eltahir and Bras model. Both studies use information
from the Bosilovich (2002) water vapor tracer study, albeit in different ways. The
sensitivity may be low in the Burde et al. study as compared to this study as the
parameter K is not set constant in the region. The K parameter is set to zero (zero
corresponds to original well-mixed) at the eastern edge of the region and linearly
increases to the value associated with Northern Plains, K = 0.10 or 0.15, at the
western edge. Thus the effect of relaxing the well-mixed assumption will not be
as great as in the case of constant parameter (K=.10), because the region of highest
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recycling ratio, the eastern and northeastern region, has the lowest value of parameter
K. On top of this, precipitation is significantly more prevalent in the eastern part
of the region and the regional recycling ratio is obtained by weighting precipitation
in each grid by the recycling ratio. This weighting would decrease the sensitivity as
well. The particular parameter formulation in Burde (2006), varying longitudinally,
greatly limits the potential sensitivity of the results when relaxing the well-mixed
assumption.
An important advantage of our approach is that it takes into account the vertical
distributions of local and total moisture, as evidenced in Bosilovich (2002) via the
/3 parameter. Burde (2006) introduces a A parameter to account for this evidence,
where the flushing frequencies for local and total precipitable water are allowed to
be different.. However, it is not clear how the different flushing frequencies would be
quantified and thus how the A parameter would be estimated. There are no results
using the A parameter included in the Burde study.
In applying the approach to the Burde and Zangvil recycling model (2001b),
we discovered an implicit assumption made in the derivation of this model. The
local moisture flux vector is equated to its ratio of precipitable water in the column,
(Fxm/Fx = w,,/w and Fym/Fy = wm/w). This implies that both the local and total
moisture velocities are assumed equal. This implicit assumption is in addition to the
well-mixed assumption Pm/P = Wm/w. The framework of this study automatically
relaxes the implicit assumption (i.e. that the local and total moisture velocities could
be different) by incorporating the parameter 3 into the model. Moreover, due to this
implicit assumption, we do not agree with Burde et al. (2006) that the Burde and
Zangvil model is more straightforward in its well-mixed assumption than the Eltahir
and Bras model.
The Eltahir and Bras (1994) recycling model has been used in many studies (Szeto
2002, Bosilovich and Schubert 2001, Gong and Eltahir 1996). Trenberth (1999) sug-
gests that the form of the well-mixed assumption in the Eltahir and Bras model is
harder to justify and therefore uses the Brubaker et al. (1993) recycling model. The
thorough analysis of the well-mixed assumption in the Eltahir and Bras model in this
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study provides a more sound basis for its use.
Although this study provides a means for relaxing the well-mixed assumption, the
original well-mixed assumption may in fact be valid. There is quantitative evidence
that the well-mixed assumption is a good assumption for Thailand, in the monsoon
period where convection is very active. Yoshimura et al. (2003), using a Rayleigh-type
isotopic circulation model, successfully followed submonthly (daily) isotopic signals
in precipitation observations. In this isotopic circulation model, water vapor from
different sources is completely mixed in each grid at every time step (i.e. the atmo-
sphere column associated with at grid is one vertical box as in Budyko-type recycling
models). Furthermore, Yoshimura et al. (2004) invoke the well-mixed assumption in
their colored moisture analysis, since the target regions are Asian monsoon regions
where convection is active. Further research could explicitly test regions of active
convection occurring mainly in the tropics where the original well-mixed assumption
may be valid.
4.7 Summary
Precipitation recycling models based on atmospheric water balance invoke some form
of the well-mixed assumption in their derivation. There is quantitative evidence from
water vapor tracer studies and other qualitative evidence that this assumption may
not hold. To relax this assumption, we first analyzed the well-mixed assumption in the
Eltahir and Bras precipitation recycling model. From the analysis, two parameters
have been introduced to account for uncertainty in the well-mixed assumption.
A central US example was investigated using four years of NCEP R-1 reanalysis
data in the summer months. The two required parameters a and / were estimated
using a combination of information derived from a water vapor tracer study and
reanalysis data. The results indicate an increase in regional recycling ratio of approx-
imately 37 percent compared to the original model. In this region, the a parameter
is 1.73, the ratio of the local to precipitable water as indicated by Bosilovich (2002)
values. Therefore, we expect higher recycling ratio results as compared to the original
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model, where a = 1.
This is a general approach to relaxing the well-mixed assumption in recycling
models based on atmospheric water balance. Although the particular form of the well-
mixed assumption in the Eltahir and Bras model was analyzed, we have shown how
to relax the assumption in another recycling model. In addition we have identified an
implicit assumption made in the derivation of the Burde and Zangvil model concerning
the local moisture flux vector. The 3 parameter in our framework can eliminate this
assumption.
Precipitation recycling models based on atmospheric water balance are computa-
tionally simple and flexible, which provide signifcant advantages compared to other
methods such as water vapor tracers. The results in this study indicate a scaling fac-
tor type of sensitivity to relaxing the well-mixed assumption compared to the original
model results. This is consistent with recent evidence that the Budyko-type recycling
models display high correlation with recycling results of water vapor tracer methods
in interannual variability studies.
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4.8 Derivation including well-mixed assumption
The atmospheric balance equations for local and outside (advective) sources neglect-
ing atmospheric storage terms are
Im + E = Om+Pm (A-1)
Io = 00 + Po (A-2)
Using the new parameter y = a/3, relaxing the well-mixed assumption is expressed
as
T Pm Om (A-3)
P O
Substituting for Om in Equation A-1 and dividing Equation A-1 by Equation A-2
results in
Im+E r( +P) (A-4)Io (1 - r/y)O + (1 - r)P (A-4)
Rearranging leads to
Im +E O+P
r = + E ( o (A-5)
I+E O/-y+P
There is a multiplicative factor (O + P)/(O/7 + P) now. If -y = 1, we obtain the
original Eltahir and Bras model.
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Chapter 5
Comparing reanalysis datasets
using analysis increments
5.1 Introduction
Reanalysis data is an important source of data for regional hydrometeorology studies.
This product results from combining an atmospheric model and observations using a
data assimilation method. Since the reanalysis results from an imperfect model and
uncertain observations, there is significant uncertainty associated with the product.
Unfortunately no uncertainty estimates are normally provided with reanalysis data.
Current data assimilation methods for global reanalyses are variational methods
which involve minimizing a cost function, with 3DVar used in the NCEP R-1 and
R-2 reanalyses (Parrish and Derber 1992). Sensitivity information associated with
uncertainty can be obtained by the Hessian, or second order derivative information,
associated with the cost function (Wunsch 1996). However, operational centers do not
compute this information as it is computationally expensive. There are also questions
about its interpretation.
Some information on quality in the form of classes of variables, (A,B,C) is given in
current global reanalyses such as NCEP R-1 (Kalnay et al. 1996). These categories
are subjective and depend on the relative influence of observations on the variable in
the data assimilation. Winds and upper air temperature are denoted class A, most
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reliable, since they strongly depend on observations. Specific humidity and surface
temperature are denoted class B, with direct influence of both observations and the
model. Clouds and precipitation are not assimilated in NCEP R-1 and are denoted
class C, with no direct reliance on observations.
Since the reanalysis results from a data assimilation method, which attempts to
yield an estimate with less uncertainty than either the model prediction or observa-
tions, information associated with the data assimilation step can be quite valuable in
determining its quality. A key piece of information, the model "first guess" (6 hour
forecast) is sometimes saved along with the reanalysis estimates in data archives.
The analysis increment (AI) can then be computed in this case, usually defined as
the analysis minus the model first guess (6 hour forecast).
The analysis increment can provide a quantitative measure of the quality of the
reanalysis where there are sufficient observations. Note that in regions of few obser-
vations, the analysis increment will be small by definition as there will not be much
difference between the model first guess and the analysis. In documenting the NCEP
R-1 analysis, Kistler et al. (2001) use AI rms (root mean square) statistics to study
quality changes in the NCEP/NCAR 50-year reanalysis. The effect of changes in the
observation network from the 1950s to 1980s on the quality of the reanalysis were
analyzed by comparing the rms AI 500mb geopotential height during the years 1950
and 1980.
The analysis increment has been used in a few science studies involving global
reanalysis data. Alpert et al. (1998) use NASA GEOS-1 reanalysis temperature Al
to infer dust heating rates in the lower atmosphere. The model lacks proper physics
to represent dust in the atmosphere yet the analysis accounts for dust by considering
observations in the data assimilation step. The patterns of monthly mean AI of
temperature are found to be similar to the observed patterns of dust. In a similar
strategy, Jones et al. (2004) use the NCEP/NCAR (R-1) analysis increments of
700hPa geopotential height to infer the effect of African desert dust on easterly waves.
In a hydrology related study, Betts et al. (2003) investigate the ERA-40 reanalysis
over a 40 year period (1968-2001) in the Mackenzie River basin, to assess systematic
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biases in water and energy budgets. The precipitable water analysis increment is
found to be correlated with precipitation bias and spin up. One reason identified
for the negative precipitable water Al in early years is a dry bias in a particular
assimilated humidity dataset. Betts et al. (2003) also analyze soil water Al and snow
water equivalent (SWE) AI. The SWE analysis increment is found to be large and is
associated with problems in the snow model.
The above researchers exploit Al to infer problems or gain information about
unrepresented processes. A known model bias is exploited in the case of the two
dust studies, and bias is detected in Betts et al., as reflected in the nonzero mean
precipitable water analysis increment in the early years.
Here we investigate the standard deviation (stdev) of Al, associated with the
quality of the reanalysis. The quality of estimates from two different reanalyses
are compared by computing analysis increment statistics. By analyzing the analysis
increment, the user can determine a quantitative index of the quality of any variable
of interest at any location where there are sufficient observations.
Analysis increment statistics are computed for key variables in regional hydrome-
teorology studies, zonal wind (u), meridional wind (v) and specific humidity (q), for
both the NCEP R-1 and R-2 reanalysis datasets. Three atmospheric levels relevant
to atmospheric moisture transport are presented. North American and South Ameri-
can locations are investigated, which corresponds to high and low observation density
respectively.
5.2 Reanalysis background
One reason the NCEP R-1 and R-2 datasets were chosen is that they have the same
model resolution and share a similar observation database, so differences can be at-
tributed to different model parameterizations. The NCEP R-1 model is the same as
the NCEP global operational model in 1995, but at T62 (horizontal resolution about
210km) compared to the operational T126 (about 105km resolution). There are sev-
eral model differences between the NCEP R-1 and R-2 relevant to hydrometeorology
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variables.
5.2.1 Model differences
5.2.2 Boundary layer parameterization
The R-1 boundary layer model uses a local-K vertical diffusion scheme, based on local
gradients of wind and temperature. This scheme was used from the 1980s to 1995
in the NCEP operational MRF (medium-range forecast) model, is computationally
feasible and gives reasonable results for typical atmospheric conditions.
Betts et al. (1996) compared FIFE field observations to R-1 reanalysis and found
that the scheme produces a realistic well-mixed boundary layer, but underestimates
boundary layer deepening by entrainment. Subsequently, Hong and Pan (1996) tested
and implemented in R-2 a nonlocal vertical diffusion scheme, which considers a coun-
tergradient term in the diffusion equation. The height of the boundary layer is solved
iteratively based on the critical bulk Richardson number. Above the mixed layer, the
free atmosphere is modeled as in the R-1 local-K scheme.
5.2.3 Radiation
Radiation is computed on the full resolution grid in R-2 and on an hourly basis rather
than three hourly as in R-1 (Kanamitsu et al. 2002). A new shortwave radiation
scheme is also implemented in the R-2 model (Chou 1992, Chou and Lee 1996).
5.2.4 Soil moisture
In R-1, model precipitation is used to force a two layer soil hydrology model (thickness
10 and 190 cm) (see Betts et al. 1996 for more details of land-atmosphere param-
terizations in R-1) and a nudging term is used to prevent soil wetness from drifting
too far from climatology. For R-2, the model precipitation is replaced with observed
5-day mean precipitation from a retrospective global precipitation analysis, which
successfully prevents long-term climate drift of soil wetness.
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5.3 Data and processing
For NCEP/NCAR R-1 reanalysis, the 6hr forecast (first guess) files are available in
WMO GRIB (GRIdded Binary) format from the DSS archive at NCAR, Boulder,
Colorado. For NCEP/DOE R-2 data, first guess data were obtained directly from
NOAA (Wesley Ebuzekial, personal communication) also in GRIB format, which was
regenerated for the period of the original R-2 reanalysis, 1979-2001. (The archive at
NCAR, DSS does not contain R-2 first guess information.) The NCEP R-1 and R-2
reanalysis values, four times daily pressure-level data on 2.5 degree grid, were obtained
in netCDF format from the NOAA Climate Diagnostics Center(CDC) archives.
Specific humidity is available in NCEP R-1 archives. For R-2, specific humidity is
calculated from relative humidity and temperature, see Section 5.8. Since the forecast
is valid 6 hours ahead of the reference time, and the analysis is valid at the reference
time, the forecast is shifted six hours back to compute the analysis increment. The
monthly standard deviation of the analysis increment is computed based on 6 hourly
data, and so for each month there are approximately N=120 samples.
5.4 Results
We present monthly analysis increment statistics for a North American location
(40N,80W) and South American location (10S,62.5W) for a four year period (1998-
2001) using the NCEP R-1 and R-2 datasets. The North America (40N,80W) location
is downwind of a high observation density region (i.e. radiosondes). The South Amer-
ican location has a low density of radiosonde stations used in assimilation.
5.4.1 Specific humidity
For the North American location, the mean monthly standard deviation (stdev) Al
for specific humidity is smaller for R-2 than R-I at all atmospheric levels presented
(850mb, 500nmb, 300mb), Fig. 5-1. The mean of the monthly standard deviation
for the four years is shown to allow a more direct comparison of the the stdev Al
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Figure 5-1: North America (40N,80W). Mean of monthly standard deviation analysis
increment of 1998-2001, specific humidity q (kg/kg), NCEP R-1 (points), NCEP R-2
(circles).
magnitude of the two reanalyses. The stdev Al specific humidity for R-1 is about 2.5
times that of R-2 at the 850mb and 500mb atmospheric levels. The complete monthly
stdev AI data for the four years can be found in Fig. 5-9 (R-1) and Fig. 5-10 (R-2)
in the appendix.
For the South American location, the R-2 mean monthly stdev AI specific humid-
ity is smaller than R-1 at all atmospheric levels (850mb,500mb,300mb), see Figure 5-
2. For R-1 there is not much interannual variation in the period 1998-2001. (The
monthly data is found in the appendix, Fig. 5-8.) However, for R-2 there is a large
increase in monthly stdev Al for 1998 at all atmospheric levels, starting in September,
Fig. 5-3. This increase in stdev AI peaks in October for the 850 and 500mb levels and
November for the 300mb level. The monthly R-2 stdev Al specific humidity is larger
than R-1 for Sept. and Oct. 1998 for the 850mb and 500mb levels, and comparable
or slightly smaller for the 300mb level. This provides evidence that for some periods
the R-2 specific humidity quality is less than the R-1 quality.
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5.4.2 Wind fields
For the North America location (40N,80W), the monthly AI statistics are very similar
for R-1 and R-2 at each level in the atmosphere (850mb, 500mb and 300mb) for both
meridional (v) and zonal wind (u). The mean monthly Al standard deviation of the
four years for zonal wind is shown in Figure 5-4, and corresponding meridional wind
statistics are shown in Figure 5-5.
The monthly stdev Al could be considered a crude estimate of standard deviation
of the analysis estimate. The stdev of the analysis estimate is expected to be smaller
than the stdev of the observation error, as data assimilation should lead to estimates
with smaller uncertainty than either observations or first guesses. To compare with
observation error, a typical radiosonde error stdev at the 500mb level used in data
assimilation is u, = a, = 2.8 m/sec (Cohn et al. 1994). The range of 500mb monthly
stdev Al is about 1.2-1.6 m/sec, with a maximum of 2 m/sec, which is smaller than
typical observation error and thus consistent with expectations.
For the South American location, the zonal wind Al stdev statistics are mixed,
with neither R-1 or R-2 consistently smaller in terms of stdev Al. The mean stdev AI
for R-2 zonal wind is smaller than R-1 at the 850mb level, from April to November,
but R-i is smaller at the 300mb and 500mb levels for April to Sept., Fig 5-6. Note
for the rainy season (Dec.-March), there is not much difference in R-1 and R-2 stdev
AI for zonal wind.
The mean monthly standard deviation for the South American location of Al
meridional wind is very similar for R-1 and R-2 at the 500mb and 300mb levels,
Fig 5-7(B). For the 850mb atmospheric level, the Al stdev meridional wind for R-1
is smaller than R-2, Fig 5-7 for Feb. to November. The maximum difference in stdev
AI meridional wind is approximately 0.25 m/sec,which occurs in the dry season. As
in the case of the zonal wind, rainy season statistics are similar for R-i and R-2
meridional wind at this location.
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Figure 5-4: North America (40N,80W). Mean of monthly standard deviation monthly
analysis increment, 1998-2001, zonal wind u (m/sec), NCEP R-l (points), NCEP R-2
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Figure 5-5: North America (40N,80W). Mean of monthly standard deviation monthly
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Figure 5-7: South America(10S,62.5W). Mean of monthly standard deviation monthly
analysis increment, 1998-2001, Meridional wind v(m/sec), NCEP R-1 (points), NCEP
R-2 (circles).
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5.5 Discussion
The monthly stdev Al for specific humidity is discernibly smaller for the R-2 than
the R-1 reanalysis, at all atmospheric levels in the North America location for the
four years analyzed (1998-2001). For the South America location, the R-2 monthly
stdev AI of specific humidity is smaller than R-1 except during the period Sept-Dec.
1998. The reason for the Sept.-Dec. 1998 large increase in monthly AI stdev . specific
humidity in R-2 compared to the other years may be related to the strong transition
from an El Nifio event in the first few months of 1998 to the La Nifia event in Dec.
1998. This may also be related to the fact that the R-2 OLR (outgoing longwave
radiation) over the tropical warm pool is a field known to be less accurate than R-1
(Kanamitsu et al. 2002).
Kanamitsu et al. (2002) reports that upper level tropical moisture may be less
accurate in R-2 than R-1. However, the R-2 monthly stdev Al for 300mb specific
humidity, (i.e. upper level moisture) is not found to be larger than the corresponding
R-1 statistics in the South American location in the tropics (10S,62.5W). This result
highlights that the analysis increment is a quantitative measure of quality which
provides information at any specific location. Rather than the general nature of
guidance, such as categories of variables in NCEP R-1 (Kalnay et al. 1996) or the
general advice of quality about upper level tropical moisture in Kanamitsu et al.
(1998), the user can determine quantitative evidence by computing Al statistics at
the specific location of interest and period.
For both zonal and meridional wind fields, the magnitude of monthly Al stdev
is similar for R-1 and R-2 at all atmospheric levels for North America location. For
South America, the results are more mixed in terms of R-1 and R-2, but are similar
for the rainy season. The wind field results are consistent with Kanamitsu et al.
(2002) statement that the R-2 reanalyses may not necessarily provide better analyses
than R-1.
The results indicate the wind fields are generally of similar quality, but the specific
humidity field is usually of better quality in R-2 than R-1. One key model difference
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between the R-1 and R-2 models is the boundary layer parameterization. Basu et al.
(2002) studies the effect of changing from a local to nonlocal boundary layer scheme
in a simulation of a monsoon system in India. The change from R-1 and R-2 is also
from a local to nonlocal boundary layer scheme, and additional physics changes to
radiation and soil moisture schemes. Basu et al. (2002) report marginal effect on
flow prediction but better prediction of precipitation distribution, which is related to
specific humidity. This is consistent with the AI statistics, which provide evidence
that the specific humidity quality is generally improved in R-2 but the wind field
quality is not affected much.
There are several uncertainties associated with this analysis. There may be inac-
curacies due to the use of pressure-level data for the analysis and first-guess, which
is interpolated from the original model sigma-level data. Over the course of a month
(N=120 samples) this is probably not a significant effect. Pressure-level data is used
in order to compute monthly AI statistics at various fixed atmospheric levels. The
specific humidity was computed for R-2 from air temperature and relative humid-
ity, which are uncertain variables. This may not be significant over a month period.
There is also a peculiarity in the wind data in that it is archived in tenths m/sec
significance. There is probably not much effect on the AI statistics.
The NCEP R-1 and R-2 datasets were chosen for a first study, based on the
fact that they have the same model resolution (T62) and share a similar observation
database, so differences can be attributed to different model parameterizations. A
future study could be to compare ERA-40 (Uppala et al. 2005), which is resolution
T159 (approximately 125 km horizontal resolution), analysis increment statistics with
the NCEP R-1 and R-2 statistics.
The AI diagnostic information is general to any analysis, regardless of data as-
similation method. Most current reanalyses use data assimilation method of 3dVAR
variational type. The ensemble Kalman filter (enKF) is currently being tested at
operational centers and has been tested in a reanalysis application (Whitaker et al.
2004). The Al is relevant in the context of enKF, since although the filter provides
an error estimate in the form of the spread of the ensemble filter, the accuracy of the
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second moment information is problematic because of sampling effects.
This study provides an example of how Al standard deviation statistics can be
used to compare reanalyses and the quality of estimated variables. From the user
perspective, the user can compute AI diagnostics for any region or variable. However,
the first-guess information (6 hr forecast) is not always available in reanalysis archives.
For example, the NCEP R-2 first-guess information is not available in the archives.
This information should be included in reanalysis archives.
5.6 Summary
We have examined monthly standard deviation analysis increment statistics for two
reanalyses datasets, NCEP R-I and NCEP R-2. The analysis increment, the analysis
minus the model first guess (6 hr forecast), can be computed by the user if the
model first guess is available in the reanalysis archives. The standard deviation of
the analysis increment provides a quantitative measure of quality where there are
observations and hence a real update of the prior or model first guess.
The AI statistics of specific humidity and zonal and meridional wind were in-
vestigated, which are important variables in hydrometeorology applications such as
precipitation recycling and regional moisture influx estimation. For specific humidity,
the NCEP R-2 was found to be have smaller monthly stdev Al than R-I for the four
year period at the North American location at all atmospheric levels. This evidence
indicates that the quality of R-2 is better than R-I at this location. The South Amer-
ican location had R-2 stdev Al smaller than R-1 except for a few months in 1998,
which may be related to the transition to La Nina.
For both the meridional and zonal wind, the monthly stdev Al are of similar
magnitude for R-I and R-2 for both North America and South America locations at
the atmospheric levels 850mb, 500mb and 300mb. The R-2 and R-1 reanalyses can
be considered of similar quality in terms of winds according to the Al statistics.
This study provides an example of a diagnostic analysis comparing analysis in-
crements between two reanalyses, providing a quantitative assessment of reanalysis
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quality. Reanalysis data is an essential part of the observing system (WCRP Report,
2005) and a clearinghouse of reanalyses is planned. It is envisioned that a database of
reanalyses with different models, model resolutions, physics parameterizations (e.g.
boundary layer and convection models), would include these diagnostics which would
either be readily available or able to be computed by the user.
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Figure 5-12: North America (40N,80W), NCEP R-2.
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Figure 5-13: North America (40N,80W), NCEP R-1. Standard deviation monthly
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Figure 5-14: North America (40N,80W), NCEP R-2. Standard deviation monthly
analysis increment, Meridional wind v (m/sec), Year 1998 (points), 1999 (circles),
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Figure 5-16: South America (10S,62.5W), NCEP R-2.
analysis increment, zonal wind u (m/sec), Year 1998
(triangles), and 2001 (crosses).
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Figure 5-17: South America (10S,62.5W), NCEP R-1. Standard deviation monthly
analysis increment, Meridional wind v (m/sec), Year 1998 (points), 1999 (circles),
2000 (triangles), and 2001 (crosses).
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Figure 5-18: South America (10S,62.5W) , NCEP R-2. Standard deviation monthly
analysis increment, Meridional wind v (m/sec), Year 1998 (points), 1999 (circles),
2000 (triangles), and 2001 (crosses).
5.8 Specific humidity from relative humidity
Relative humidity r is practically defined as the ratio of vapor pressure e to the
saturation vapor pressure e.
e
r = - (A-l)
es
The saturation vapor pressure e. (mb) can be calculated as
19.8T
e, = 6.1078 exp( 19.8T273 + T (A-2)
where T is air temperature (in Celsius). Specific humidity q (kg/kg) can be related
to vapor pressure e by
q = .622- (A-3)
where p is air pressure (mb). Note that specific humidity is also sometimes reported
as (g/kg).
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Chapter 6
Conclusion
A longstanding problem in hydrology is determining the contribution of local evap-
oration from the landsurface to total rainfall in a given region, first studied by the
Russian Voeikov in the 1880s. Precipitation recycling can be quantified by the precip-
itation recycling ratio, the fraction of local evaporative sources to total precipitation
in a given region. The recycling ratio is a quantitative index of the potential land-
atmosphere feedback in a region. Current methods to estimate recycling all have lim-
itations and assumptions including water vapor tracer methods, Lagrangian tracking
methods and isotopic analysis methods.
Bulk recycling models are derived from the Budyko model (1953) and are com-
putationally simple, which is a significant advantage compared to water vapor tracer
methods which are computationally demanding. This thesis has addressed the three
common assumptions in bulk recycling models: (1) time-averaged data is used to
estimate moisture fluxes, (2) the change in atmospheric storage term is neglected and
(3) the well-mixed assumption is invoked. This thesis contributes a critical analysis
of bulk recycling models which achieves an improved understanding of these models.
A general framework to relax a key assumption in these models has been developed.
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6.1 Summary of Results
Recycling has been estimated using two bulk models, one spatially aggregated model
(Brubaker et al. 1993) and one spatially distributed model (Eltahir and Bras 1994)
from six hourly input data from NCEP Reanalysis R-1 and R-2 and TRMM 3B43
precipitation data. Three regions were investigated: West Africa, North America,
and Amazon over the period of 1998-2001.
Bulk recycling models have been criticized for their use of monthly time-averaged
data, since it does not capture the submonthly diurnal and synoptic variability of
importance in water vapor transport. However, the use of time mean data is not a
requirement in these models. Yet the time-averaged method is used in the vast ma-
jority of previous recycling studies. There is another method of computing moisture
flux which uses the data at the finest time-scale of the atmospheric data, which we
have called the accumulation method. We found that the monthly recycling ratio is
smaller using the accumulation method than the time-averaged method, in all three
regions and in both models. The sensitivity of the results to the moisture flux method
however depends on the particular synoptic pattern and size of the region, in addi-
tion to the recycling model used. The accumulation method of estimating monthly
moisture influx is recommended over the time-averaging method as it captures the
submonthly synoptic variations which the time-averaging method neglects.
Synoptic time-scale precipitation recycling is investigated using a new 2D recy-
cling model. The atmospheric storage term is added to the Eltahir and Bras model.
The southwest Amazon region in the wet season is investigated, where the synoptic
conditions consist of alternating easterly and westerly regimes of three to 14 day du-
ration. The resulting recycling ratio spatial patterns are shown to reflect the synoptic
circulation patterns.
A general framework to relax the well-mixed assumption has been developed by
analyzing the particular form of the assumption made in the Eltahir and Bras recy-
cling model. Two empirical parameters, a and /3, were introduced. The water vapor
tracer model study of Bosilovich (2002) suggests that a is usually greater than one,
156
indicating that the local source of moisture contributes more to precipitation than
its fraction in the vertically integrated precipitable water at a given location. The
estimated f parameter turned out to be close to one, derived from a combination of
vertical distributions of local and total specific humidity from the water vapor tracer
study and reanalysis data. The results of this chapter imply that the local evapora-
tion plays a more important role compared to the well-mixed atmosphere assumption
for this case of summer in central United States, where convection is prevalent. The
framework to relax the well-mixed assumption is general and was applied to the Burde
and Zangvil (2001) recycling model.
The quality of two reanalyses was quantitatively assessed by analyzing the analysis
increment, the analysis minus the model first guess (6 hr forecast). The NCEP R-2
data is of greater quality than the NCEP R-1 for the specific humidity data. However,
the wind fields are of comparable quality according to the analysis increment statistics.
Contributions The contributions of this thesis include the following.
* Developed general framework for relaxation of well-mixed assumption bulk re-
cycling models
* Added atmospheric storage term into Eltahir and Bras spatial model and de-
rived new spatial model
* Provided first estimates of synoptic time-scale precipitation recycling
* Compared effect of time-averaged method of computing moisture influx to ac-
cumulation method
* Compared analysis increments of two reanalyses which provides quantitative
assessment of quality
* Identified implicit assumption in the 2D Burde and Zangvil recycling model
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6.2 Future directions
There a number of future directions for research.
* Consider a two-layer precipitation recycling model
Bulk recycling models necessarily consider the atmospheric column above a landsur-
face grid in a lumped (bulk) manner. The vertically integrated moisture flux vector
is used which considers the entire atmospheric column as a unit. For example, a
situation can occur where there is low level convergence and high level divergence
simultaneously (Anderson et al. 2004). The vertically integrated moisture flux vector
can obscure the physical situation. Note when relaxing the well-mixed assumption,
the 0 formulation automatically considers part of this problem. The 0 can be nega-
tive, which implies that local and total moisture velocities are opposite sign.
A possible demarkation of the two layers would be the mixing layer height, h, or
a small distance above. The mixing layer height or LCL (lifting condensation level)
is not provided by most reanalyses datasets. For chemical transport models, ERA-40
does have information on mixing layer height. The vertical transports between the
two boxes would need ERA-40 reanalysis has convective mass flux information needed
by chemical transport models.
* Combine relaxation of the well-mixed assumption with the change in atmo-
spheric storage term
We can combine the concepts in Chapters 3 and 4. A new model could be derived
which relaxes the well-mixed assumption and adds the atmospheric storage term.
This model could be used to investigate submonthly time scales.
* Investigate scale uncertainty in recycling results
The recycling ratio is dependent on the spatial scale of the total region (Eltahir and
Bras 1996). For a larger region, the regional recycling ratio will be larger. A partial
solution is found in Dirmeyer and Brubaker (2006), where the area of each grid cell
is normalized in order to compare recycling ratio trends.
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Another factor which may affect the recycling results is the resolution of the spa-
tial grid for two-dimensional bulk recycling models. These models use reanalysis
data to estimate moisture fluxes, which is required as input. As reanalysis data is
updated, the atmospheric models associated with the data typically have greater hor-
izontal spatial resolution. The ERA-40 (Uppala et al. 2005) reanalysis dataset uses
an atmospheric model at spectral resolution T159, which is approximately 100km
horizontal resolution, whereas the NCEP R-1 (Kalnay et al. 1996) and R-2 (Kana-
mitsu et al. 2002) use an atmospheric model at T62 resolution, approximately 200km.
There are also regional reanalyses datasets currently available, such as NARR (North
American Regional Reanalyses, Mesinger et al. 2006) which has a much smaller spa-
tial resolution than the global reanalyses. The effect on the recycling results could be
investigated by upscaling a reanalysis dataset for a given region.
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